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ABSTRACT 


In a recent paper Birge and Menzel pointed out that if hydrogen had an isotope 
with mass number two present to the extent of one part in 4500, it would explain the 
discrepancy which exists between the atomic weights of hydrogen as determined 
chemically and with the mass spectrograph, when reduced to the same standard. 
Systematic arrangements of atomic nuclei require the existence of isotopes of hydrogen 
H? and H’ and helium He’ to give them a completed appearance when they are extra- 
polated to the limit of nuclei with small proton and electron numbers. An isotope 
of hydrogen with mass number two has been found present to the extent of one part 
in about 4000 in ordinary hydrogen; no evidence for H* was obtained. The vapor pres- 
sures of pure crystals containing only a single species of the isotopic molecules H'H!, 
H'H?, H'H3 were calculated after postulating: (1) that the rotational and vibrational 
energies of the molecules are the same in the solid and gaseous states; (2) that in the 
Debye theory of the solid state, the 0's are inversely proportional to the square roots 
of the molecular masses; (3) that the free energy of the gas is given by the free energy 
equation of an ideal monatomic gas; and (4) that there is a zero point lattice energy 
equal to (9/8)RO per mole. The calculated vapor pressures of the three isotopic 
molecules in equilibrium with their solids at the triple point for ordinary hydro- 
gen are in the ratio Py :pi2:Pi3 = 1:0.37:0.29. The isotope was concentrated in three 
samples of gas by evaporating large quantities of liquid hydrogen and collecting the 
gas which evaporated from the last two or three cc. Sample I was collected from the 
end portion of six liters evaporated at atmospheric pressure and samples II and III 
from four liters, each, evaporated at a pressure only a few millimeters above the triple 
point. 

These samples and ordinary hydrogen were investigated for the visible, atomic 
Balmer series spectra of H? and H* from a hydrogen discharge tube run in the condi- 
tion favorable for the enhancement of the atomic spectrum and for the repression of 
the molecular spectrum, using the second order of a 21 foot grating with a dispersion of 
1.31A per mm. When with ordinary hydrogen, the times of exposure required to just re- 
cord the strong H' lines were increased 4000 times, very faint lines appeared at the cal- 
culated positions for the H? lines accompanying H's, H'y and H'é on the short wave- 
length side and separated from them by between 1 and 2A. These lines do not agree in 
wave-length with any known molecular lines and they do not appear on the plates 
taken with the discharge tube operating under conditions favorable for the production 
of a strong molecular spectrum and the repression of the atomic spectrum. With or- 


* Publication Approved by the Director of the Bureau of Standards of the U. S. Depart- 
ment of Commerce. 
** H. C. Urey and G. M. Murphy, Columbia University, F. G. Brickwedde, Bureau of 


Standards. 








2 I. C. UREY, F. G. BRICK WEDDE, AND G. M. MURPHY 


dinary hydrogen they were so weak that it was difficult to be sure that they were not 
irregular ghosts of the strongly overexposed atomic lines. Samples I] and III evapor- 
ated near the triple point show these lines and another near H'a@ greatly enhanced rela- 
tive to the H' lines over those with ordinary hydrogen showing that these new lines are 
not ghosts, and that a considerable increase in the concentration of the isotope had 
been effected. With sample I, evaporated at the boiling point, no appreciable increase 
in concentration was detected. The new lines agree in wave-length with those calcu- 
lated for an H?® isotope. 

The H? lines are broad as is to be expected for close unresolved doublets, but they 
are not as broad and diffuse as the H' lines, probably due to the smaller Doppler 
broadening. The H#a line is resolved into a close doublet with a separation that agrees 
within the accuracy of the measurements with the observed separation for H'a. 

Relative abundances were estimated by comparing the times required to just 
record photographically the corresponding H! and H? lines. The relative abundance 
of H* and H!' in natural hydrogen is estimated to be about 1:4000 and in the concen- 
trated samples about five times as great. 


HE possibility of the existence of isotopes of hydrogen has been dis- 

cussed for a number of years. Older discussions involved Prout’s hypoth- 
esis and dealt with the question as to whether hydrogen consisted of a mix- 
ture of isotopes, one having an atomic weight exactly one, and another or 
others with integral values, in such proportions as to give an average atomic 
weight of 1.008. The result of an exact determination in 1927 with the mass 
spectrograph by Aston! of the atomic weight of the hydrogen isotope of mass- 
number one not only proved that it is not integrally equal to unity but the 
agreement with the chemically determined value was so close that it was con- 
sidered unlikely that hydrogen had more than the single isotope of mass-num- 
ber one. The discovery of the oxygen isotopes by Giauque and Johnston? in 
1929 showed that the chemical standard of atomic weights was not the same 
as that used by Aston and that agreement between the chemical determina- 
tions and Aston’s values should not be expected. When the atomic weights 
of hydrogen as determined chemically and by the mass spectrograph are re- 
duced to a common standard, the previous apparent agreement is destroyed 
and they differ. Birge and Menzel*® showed that this discrepancy could be ex- 
plained by the presence of an isotope of hydrogen of mass-number two, pre- 
sent to the extent of one part in 4500. 

Quite independently of such a quantitative basis of prediction as is fur- 
nished by the agreement or disagreement of the atomic weights determined 
chemically and with the mass spectrograph, one may be led by other lines 
of reasoning to expect heavier isotopes of hydrogen and helium, as well, even 
though the atomic weights reduced to a common standard do agree, for it is 
only necessary to assume that they are so rare that they can not be detected 


1 F. W. Aston, Proc. Roy. Soc. (London) A115, 487 (1927). 

2 W. F. Giauque and H. L. Johnston, J. Am. Chem. Soc. 51, 1436 and 3528 (1929). 

’ R. T. Birge and D. H. Menzel, Phys. Rev. 37, 1669 (1931); F. Allison (J. Ind. Eng. Chem. 
4, 9 (1932)) interprets two minima observed by his magneto-optical effect in water solutions 
of acids as due to two isotopes of hydrogen having mass numbers of 1 and 2. Whatever weight 
can be given to this method of detecting the number of isotopes of an element, certainly without 
some understanding of its dependence on mass the method gives no evidence in regard to the 
masses of the isotopes. 
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by atomic weight determinations within the limits of the experimental ac- 
curacy. The recent discoveries of rare isotopes emphasize that it may be im- 
possible ever to disprove the existence of any nuclear species. Recent sys- 
tematic arrangements of nuclear species‘ lead one to expect isotopes of hydro- 
gen of masses 2 and 3 and an isotope of helium of mass 5. Beck leaves a place 
in his tables for H* and He®. Johnston has question marks in his table for H?, 
H’, He® and Li*. Urey makes no definite predictions but presents a proton- 
electron plot which shows the regularities very well, the three isotopes, H?, 
H*, and He’ being required to give this plot a completed appearance. 


METHODS OF CONCENTRATION 


Birge and Menzel* remark that the discovery of a hydrogen isotope of 
higher mass-number by the methods of molecular spectra would be difficult 
though not impossible. The maximum abundance of an isotope of mass-num- 
ber 2 which can be expected is that given by Birge and Menzel for if any 
isotope of higher mass number were present the abundance of the isotopes 
would all necessarily be less. It seemed essential to find some way of concen- 
trating the heavier isotopes if they were to be detected by spectroscopic 
methods. Any of the various methods used for concentrating isotopes should 
be more effective in the case of these isotopes of hydrogen because of the 
large ratio of masses. Of these methods, that of fractional distillation should 
give the largest supply with the least effort. This method has been tried in a 
number of cases’ but with little success except in the case of neon.* 

The vapor pressures of the molecules H'H', H'H?, H'H® in equilibrium 
with their pure solids can be calculated if the following postulates are made: 
(1) the rotational and vibrational energies of the molecules are the same in the 
solid and gaseous states and thus need not be considered in the calculations of 
vapor pressures; (2) the free energy’ of the solids can be calculated from the 
Debye theory of the solid state, assuming that the ©’s of the three solids are 
inversely proportional to the square roots of the molecular weights; (3) the 
free energy of the gas is given by the free energy equation of an ideal mona- 
tomic gas. 

At equilibrium, the free energy of the gas is equal to the free energy of the 
solid, and since all the quantities may be evaluated, we may calculate the 
vapor pressures of the isotopic molecules. The free energy and entropy of hy- 
drogen gas are given by the following expressions: 


*H. L. Johnston, J. Am. Chem. Soc. 53, 2866 (1931); Harold C. Urey, J. Am. Chem. Soc. 
53, 2872 (1931); Guido Beck, Z. Physik 47, 407 (1928); Henry A. Barton, Phys. Rev. 35, 408 
(1930). 

5 F, A. Lindemann and F. W. Aston, Phil. Mag. (6) 37, 523 (1919); F. A. Lindemann, 
Phil. Mag. (6) 38, 173 (1919); H. G. Grimm, Zeits. f. phys. Chem. B2, 181 (1929); H. G. Grimm 
and L. Braun, Zeits. f. phys. Chem. B2, 200 (1929); P. Harteck and H. Striebel, Zeits. f. anorg. 
allgem. Chem. 194, 299 (1930). 

6 W.H. Keesom and H. van Dijk, Proc. Acad. Sci. Amsterdam 34, 42 (1931); H. van Dijk, 
Physics 11, 203 (1931). 

7 The “free energy ” as used here refers to this term as defined by Lewis. See Lewis and Ran- 
dall, Thermodynamics, McGraw-Hill, 1923, New York. 
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F,= E,+RT-TS, (1) 


7.) 
II 


3 5 
. > Rin M + >Rin?—RiInP+C+RInR (2) 
where / is the molecular weight, P is the pressure in atmospheres, R is the 
gas constant in cal. per mole per degree and C is the Sackur-Tetrode constant 
and equals— 11.053 cal. per degree® and 


E, = — RT +x. (3) 
x is the heat of vaporization at absolute zero from a hypothetical solid hydro- 
gen without zero point energy, which for convenience is chosen as the stand- 
ard reference energy state to which the internal energies of the solid and 
gaseous phases are referred. x is assumed to be the same for the isotopic mole- 
cules. The differences between the values of the internal energy of the gas at 
the triple point of hydrogen (13.95°K) as calculated by Eq. (3) and by the 
more exact equations for a degenerate gas are negligibly small. 

The free energy of solid hydrogen is given by :° 


F, = E’ + TO(M, T) + PV. (4) 


Because of the small volume of solid hydrogen the P V term may be neglected 
without serious error. The quantity £’ is the zero point energy (Nullpunkts- 
energie) and must be included.!° The function ®(.\/, 7) may be obtained 
from the Debye theory of specific heats.°® 
Solving these equations for In P after equating (1) and (4) and dividing 
through by RT, we have: 
E’ ? 3 5 C 5 x 
In P = —+—+—in M + —in + — +R -—-—-~- (5) 
RT R 2 2 R 2 RT 
The only terms on the right of (5) which depend on the mass are the Ist, 2nd, 
and 3rd, since x has been assumed to be the same for isotopic molecules. If 
we indicate the two molecules H'H! and H!H? by subscripts we have the ratio 


of their vapor pressures given by: 
1 " is 1 3 ; 
In Pi;/ Pie = RT (E . Eye ) + R (P,, _ Po) + > In M,\/ Mie. (6) 


The quantity ®(.V/,7) is a function of hv/kT, where v is the characteristic fre- 
quency for the solid state; hv/k for ordinary hydrogen as determined by Si- 
mon and Lange is 91.'! Since the characteristic frequency v is inversely pro- 
portional to the square root of the molecular weight, the argument of ® may 
be determined for the isotopic molecules and the value of ® taken from the 


8 R. T. Birge, Rev. Mod. Phys. 1, 65 (1929). 

® Handbuch der Physik, Vol. X, p. 360-361, Julius Springer, 1926 Berlin. 

10 R, W. James, I. Waller and D. R. Hartree, Proc. Roy. Soc. A118, 334 (1928). 
1 Franz Simon and Fritz Lange, Zeits. f. Physik 15, 312 (1923). 
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tables." The calculation of the ratio P;,/Pi, is made for the temperature 
13.95°K, the triple point for ordinary hydrogen. The ratio Py/Pi; is calcu- 
lated in a similar way. 

The numerical values for hv /k and @ are: 














Molecule M hv/k | 
H'H! 2 91 — 0.1339 
H'H2 3 74.29 — 0.2251 
H'H 4 64.36 — 0.3364 











The value of the zero point energy is 9/8hv per molecule“ and may be easily 
calculated for the isotopic molecules. The values of E’ thus become (9/8)R 
(hv) /k; or (9/8)RO. Substituting the numerical values in (6), we get: 


Pry Pi = 2.688, Pi,/Pis = 3.354. 


If the calculation is carried through assuming that the zero point energy 
is zero, it is found that on this basis the heavier isotopic molecules should have 
the higher vapor pressures which is contrary to experience not only with the 
hydrogen isotopes but with all other isotopes. 

This calculation of the ratios of the vapor pressures has been made for the 
solid state. A similar calculation cannot be made for the liquid state since the 
theory is inadequate. It seems reasonable to expect that differences between 
the vapor pressures of the isotopes should persist beyond the melting point 
and that a fractionation of the liquid solution should be possible. 

The Rayleigh distillation formula integrated for ideal solutions is: 


(- adi “"( N yo" Wo 7 
ee No OW 7) 


where N and N, are the mole fractions of the less volatile constituent left in 
the still and in the original sample respectively and W and W, are the moles 
of both constituents left in the still and in the original sample respectively, 
and a is the distribution coefficient equal to the ratio of the vapor pressure of 
the less volatile constituent to that of the more volatile constituents. If No 
and WN are small as compared to 1 as is the case for the distillation of these 
isotopes of hydrogen, this formula reduces to: 


( N yo" Wo . 
No Ww (8) 


12 Handbuch der Physik, Vol. X, p. 364-70, Julius Springer, 1926, Berlin. 
18 The mean zero point energy per degree of freedom is 


ymax hy : 
— v*dv 
0 2 


vmax i. 
vdv 
0 


for 3N degrees of freedom, this gives 9/8 Nhv. Lindemann (Phil. Mag. 38, 173 (1919) showed that 
in order to make the calculated vapor pressures of the isotopes of lead at its boiling point equal 
to each other, as was found by experiment to be true, it was necessary to make the internal 
energy of isotopic, pure crystals at 0°K equal to 9/8 hy. 





on 2 
— | hrmax 
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This formula has been used in estimating the increased concentrations ex- 
pected. 

If we assume that the mole fraction of H® is 1/4500 in the original hydro- 
gen, thata=1 2.688 and that I) W'=4000, we secure about 4+ mole percent 
as the value of .V. Since we have not secured such high concentrations, we 
conclude that either the ratio of vapor pressures of the solids is quite differ- 
ent from those of the liquids at the same temperature, or that some of the 
assumptions made in regard to the solids are not sufficiently exact.“ We have 
made this calculation in order to see whether the separation by fractionation 
was likely to be effective. 


PREPARATION OF THE CONCENTRATED HYDROGEN SAMPLES 


Each of the different samples of hydrogen, which were later examined 
spectroscopically, was prepared from liquid hydrogen made by circulating 
about 400 cubic feet of free gas through a liquefier of the ordinary Hampson 
type in which, after precooling with liquid air boiling at reduced pressure, it 
was expanded from a pressure of about 2500 pounds per square inch to at- 
mospheric pressure. As the liquid hydrogen was obtained it was collected in 
storage containers from which it was transferred to an unsilvered triple 
walled flask of about 1600 cm* capacity in which the concentration of the 
isotope was effected. After filling the flask, the liquid hydrogen was allowed 
to evaporate until only about 1/3 or 1/4 remained, when the flask was re- 
filled and the procedure was repeated until all the liquid had been transferred. 
The flask was connected by vacuum tight joints to the glass bulbs in which 
the hydrogen gas evaporating from the last two or three cubic centimeters 
of liquid was collected. These bulbs were connected to a Hyvac pump tor ex- 
haustion and flushing out previous to the collection of the final concentrate. 
Proper precautions were taken to prevent the entry of air into the system 
while the samples were being collected. This method of evaporation is some- 
what less efficient than the method assumed in the calculation above and ac- 
counts, at least in part, for the lower efficiency observed. 


Sample I was collected from the end portion of six liters of liquid hydrogen 
evaporated at atmospheric pressure, and samples II and III, each, from four 
liters evaporated at a pressure only a few millimeters above the triple point. 
The process of liquefaction could have had only a small effect in changing the 
relative concentrations of the isotopes since no appreciable increase in the 
concentration of the isotopic molecule H!H? over that in ordinary hydrogen 
was detected for sample I obtained from six liters of liquid hydrogen evapor- 
ated at atmospheric pressure. 


4 Professor K. F. Herzfeld has called to our attention the possibility that the rotational 
states of the unsymmetrical molecules, H'H? and H'H!, may not be the same as those of the gas, 
even though this is true for the symmetrical molecules. The center of mass of the unsymmetrical 
molecules does not coincide with the midpoint of the line of nuclei so that the rotation would 
take place in such a way that the H! atom would encounter the fields of force of other molecules 
to a greater extent thus changing the rotational levels in an unpredictable way. 








———— 
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SPECTRUM ANALYsIs 
It is possible to detect the hydrogen isotopes from the positions of the 
atomic lines, since the Balmer lines of any heavier isotopes will be displaced 
to the violet side of the H' Balmer lines. Assuming that the masses of the 
isotopic hydrogen nuclei of mass-numbers 2 and 3 are exactly twice and three 
times the mass of the proton, the calculated wave-lengths of the isotopic lines 
and the observed wave-lengths of the H' lines are: 


” B Y 5 
H! 6562 .793 4861 .326 4340 467 4101 .738 
H? 6561 .000 48060 .000 4339 .282 4100 .619 
Hé 6560 .400 4859 . 56, 4338 .882 4100 .239. 


The second order of a 21 foot grating with a dispersion of 1.3A per mm was 
used to analyze the spectrum from a Wood hydrogen discharge tube run in 
his so-called black stage.” This tube was 1 cm in diameter and was excited 
by a current of about 1 ampere at 3000 to 4000 volts; the radiation was 
sufficiently intense to record the H'8 and H'y lines in about 1 sec., though 
the lines were broad and unresolved under these conditions. By greatly de- 
creasing the current and increasing the exposure time to about 16 sec., it was 
possible to resolve the H' line into a doublet, but a simple calculation showed 
that the time of exposure necessary to record the isotope lines under condi- 
tions necessary to resolve them would be prohibitively long. We therefore 
worked with the high current density in order to decrease the exposure time. 

The usual method of securing clean atomic hydrogen spectra by flowing 
moist hydrogen through the tube was not used, as the samples were limited 
in amount. They were not moistened by saturation with ordinary water 
since we did not wish to contaminate them with ordinary hydrogen from the 
water. The sample of hydrogen was contained ina glass bulb with two stop- 
cocks attached in series so that a small sample of hydrogen (about 2 cc) could 
be admitted to the discharge tube at one time. The stop-cock grease was a 
disadvantage since it was probably the source of the cyanogen bands in our 
tube which was troublesome when working with Hé. The hydrogen gas was 
either, not moistened at all, in which case the molecular spectrum was rather 
strong, or, it was moistened by attaching near the electrodes small side tubes 
containing copper oxide or, by admitting oxygen gas in small amounts. The 
copper oxide in the side tubes was reduced by atomic hydrogen diffusing in 
from the discharge tube and water was formed. When oxygen was used, some 
of the oxygen bands and lines appeared which, however, caused no trouble. 
None of these methods of suppressing the molecular spectrum was as effective 
as the flowing stream of moist hydrogen gas and at times the molecular 
spectrum became intense in spite of all our efforts to keep the tube in a good 
black stage. 

Before working on the evaporated samples of hydrogen, ordinary hydro- 
gen was tried first in order to overcome any difficulties in the method of ex- 

1% R. W. Wood, Proc. Roy. Soc. (London) 97, 455 (1920); 102, 1 (1923); Phil. Mag. 42, 
729 (1921); 44, 538 (1922). 
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citation. The sample of hydrogen evaporated at the boiling point (Sample I) 
was next investigated, but no isotopes present in the estimated concentra- 
tions could be found, though faint lines appeared at the calculated positions 
for H? lines. Returning then to ordinary hydrogen, these same lines were 
found with about the same intensity as in sample I. It was difficult to be 
certain that these lines were not irregular ghosts. All other lines near the 
Balmer lines could be accounted for as known molecular lines. Turning then 
to sample II, evaporated near the triple point, the H? lines were found greatly 
enhanced relative to the H! lines thus showing that an appreciable increased 
concentration of the H? isotope had been secured and that the lines could not 
be ghosts since their intensity varied relative to the known symmetrical 
ghosts. Sample III was investigated subsequently and found to have a higher 
concentration of H? than sample II. 

The measurements on ordinary hydrogen will be discussed first. A great 
many plates were taken with ordinary hydrogen with the tube in the black 
stage and one with the tube in the white stage. (Copper oxide was blown into 
the discharge tube to produce an intense molecular spectrum.) In Table I 
we give the measurements made on plates (34/, 354) showing the H8 and Hy 
regions with the tube in the white stage, and measurements made on plates 
(36t, 37¢) with the tube in the black stage. The times of exposure and currents 
through the tube were the same for all these plates. For comparison we give 
the wave-lengths given by Gale, Monk and Lee,’ and by Finkelnburg!’ for 
the molecular spectrum in these regions and the calculated wave-lengths of 
the Balmer lines of H*? and H®. The positions of the H! lines were secured by 
taking the means of the positions of the symmetrical ghosts and all the lines 
were measured relative to the standard iron lines. 
































TABLE I, 
331 371 Gale, Monk Finkelnburg"’ 
and Lee® 
H's 4861 .326 4861.322 4861 .320 4861 .328 
4860 .892 — 4860 .806 
4860 .636 4860 .633 -— 4860 .620 
4860 .104 — 4860 .108 4800 .134 
H2, 4860 .000 — 4859 .975 — — 
H3g 4859 .566 . we _ _ 
34t 36t 
H'y 4340 .467 4340 .465 4340 .486 4340 .470 4340 .466 
4340 .084 — — 4340.154 
4339 .847 4339 .879 4339.817 4339 .845 
4339 .568 4339 .599 4339 .534 4339 .538 
H?y 4339.282 — 4339 .318 — — 
H*y 4338. 8x0 — — — — 























The discrepancies between our values and those of the other authors are 
rather large. In view of the fact that the molecular lines on our plates were so 


16 H. G. Gale, G. S. Monk and K. O. Lee, Astrophys, J. 67, 89 (1928). 
17 W, Finkelnburg, Zeits. f. Physik 52, 27 (1928). ; 
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weak that the measurements of their positions were very difficult, the agree- 
ment obtained was considered satisfactory. The H*y line appeared as a slight 
irregularity on a microphotometer curve of the plate 34¢ but could not be 
measured with the comparator. The measurements on other plates taken of 
the atomic spectrum of ordinary hydrogen run very much the same, some- 
times with other observed molecular lines on them. The average displace- 
ments of the H? lines from all plates taken with ordinary hydrogen are given 
in Table II. 

The measurements of plates taken with the hydrogen of sample I under 
the same conditions as with ordinary hydrogen run very much the same as 
those for ordinary hydrogen. It was impossible by visual observation to be 
certain of any difference between the intensity of the H? lines on the plates 


7 4 








lat 


Fig. 1. Enlargement of the Ha, Hg and Hy lines. The faint lines appearing on the high 
frequency side of the heavily over-exposed H! lines are the lines due to H?. The symmetrical 





pair of lines in each case are ghosts. 


for ordinary hydrogen and for sample I, although there were fewer molecular 
lines on sample I plates than on ordinary hydrogen plates. From this it was 
concluded that there was no appreciable increase in the concentration of the 
isotope H? in sample I evaporated from six liters of liquid hydrogen at at- 
mospheric pressure over that in ordinary hydrogen and that at 20°K, the 
vapor pressures of the H'H' and H'H? isotopic molecules must be nearly, if 
not actually equal. The mean wave-length displacements of the H? lines from 
the H! lines on these plates are given in Table Il. The agreement with the 
calculated displacements is better than in the case of ordinary hydrogen. This 
may indicate a greater ease of measurement due to an increased photographic 
density of the H* lines on sample I plates from which it might be concluded 
that there was a slight increase in the concentration of the heavier isotope. 
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When observations were made on samples II and III evaporated just 
above the triple point, the H® lines stood out so clearly from the background 
that there was no longer any possibility of confusing them with the molecular 
lines and no further measurements of the molecular lines were made. The 
measurement of the positions of the H® lines on these plates relative to the 
ghosts of the H! lines could be made with ease. The mean displacements listed 
in Table Il for samples Il and II] are the most reliable ones obtained. 

A mercury line falls at 4339.23, while the calculated wave-length of H?y 


Ordinary 
tank 


hydrogen 








Evaporated 
hydrogen 


Fig. 2. The H@ lines for ordinary tank hydrogen, and sample II of the evaporated hydrogen. 
Although the intensity of the main line is about the same for both exposures, the H*3 line is 
considerably more intense in the second case showing the increased concentration. 


is 4339.282. Mercury got into our discharge tube due to various efforts we 
made to depress the molecular spectrum in the stationary gas. This occurred 
while we were working with samples II and III. On some plates this mercury 
line appears as a very faint black edge on the broad atomic line. In other 
cases, it was more intense and appeared as a very sharp line. 

Fig. 1 shows enlarged prints of plates taken with sample II of the H'a, 
H's, and H'y lines with the isotope lines appearing as faint companions on 
the high frequency side of the H! lines. The pair of symmetrical lines in each 


ey 





TY TR 
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case are the ghosts. Fig. 2 shows the H@ lines for ordinary tank hydrogen and 
for the evaporated hydrogen, sample II, the condition of the discharge and 
the time of exposure being approximately the same. The isotope H? line for 
sample II is considerably more intense than for ordinary hydrogen, showing 
that a considerable increase in the concentration of this isotope was affected 
by evaporation near the triple point. Similar plates have been obtained for 
Hy. The H’a line was obtained only with samples II and III. 


TABLE IT,}8 




















He Hg Hy Hé 
Caled. displacement 1.793 1.326 1.185 1.119 
bs. 
Ordinary hydrogen -- 1.346 1.206 1.145 
Sample I — 1.330 1.199 1.103 
Samples IT and IIT 1.791 1.313 1.176 1.088 














Ee a 





Fig. 3. Microphotometer curve of H*a showing the doublet separation 
which is from 0.10 to 0.12A, 


The lines of H? are broad as is to be expected if they consist of close un- 
resolved doublets, but they are not so broad and diffuse as the lines of H! 
probably due to less Doppler broadening.'® The H’a line is just resolved into 
a close doublet on two plates. Visual settings on these lines with the compara- 
tor were difficult. One plate measured in this way gave a doublet separation 
of 0.16A. Microphotometer curves also show the doublet separation and the 


18 In the letter to the Physical Review 39, 164 (1932) the wave-length displacement of the 
Ha line from sample II was given as 1.820. An error was made in the calculation of this dis- 
placement. The correct value for the one plate measured at that time is 1.778A. No measure- 
ments of plates with the mercury line near H*y of more than slight intensity are included in 
this table. No plate of sample III showing the H*y line is included for this reason. 

19 The abstract of this paper in the Bulletin of the American Physical Society states that 
the lines of H? have about the same breadth as the main lines. More careful study of our plates 
showed that the H? lines are distinctly narrower than the H' lines. 
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separation secured in this way is from 0.10 to 0.12A. These latter figures are 
the more reliable and agree with the observed separation of the H'a line of 
0.135A, being somewhat lower than the value for the well resolved line as is 
to be expected for partially resolved lines. Fig. 3 shows a microphotometer 
curve of this line. By itself it is not entirely convincing because of the ir- 
regularities due to grain size of the plate. That the resolution is real is proven 
by visual observation of the plate. 


RELATIVE ABUNDANCE 


When using ordinary hydrogen, the H*¢ line appears as a rather sharp 
line lying in a clear part of the plate between the region of halation from the 
main line and the main line itself. As the time of exposure is increased, the 
irradiated region and the region of halation build up the diffuse background 
of the plate so rapidly that the H® line does not become more distinct. How- 
ever, in the case of sample Il and sample III, the H? lines come out witha very 
much greater distinctness so that it is possible to secure these lines without 
bad halation from the main line. Thus there is no doubt that there has been 
a very distinct increase in concentration of the H? isotope relative to the H! 
isotope in the process of evaporation. It is difficult, however, to give an exact 
estimate of the relative abundance from the intensity of spectral lines which 
lie so close together with one so much more intense than the other. Moreover, 
a comparison of exposure times is not entirely satisfactory because we note 
that the H? lines are distinctly sharper than the H! lines so that if the same 
amounts of energy were emitted by the two varieties of atoms, the H? lines 
should appear to be the more intense, since this energy would fall in a nar- 
rower region on the plate. Comparison of the relative intensities of the ghosts 
of the H' lines and the H® lines meets with this same difficulty for the ghosts 
are distinctly more diffuse than the H? lines. The best that can be done, there- 
fore, is to give rather rough estimates of the relative abundance judging 
from times of exposure. 

In the case of ordinary hydrogen, it was found that when the discharge 
tube was running with such an iatensity that the H! lines could be recorded 
within one second, that it required somewhat more than an hour to just de- 
tect the H? lines. It is, therefore, estimated that the relative abundance of the 
isotopes in ordinary hydrogen is about 1 in 4000 or less. We believe that the 
estimate of Birge and Menzel based on the atomic weights is consistent with 
our observations and that their estimate is probably the more reliable. 

In the case of sample Il, the H*8 and H*y lines could be photographed in 
ten minutes and the corresponding H! lines in one second. From this it is 
estimated that the relative abundance of H® in sample II was 1 in 600, but 
this, it is believed, is too high because in this case the discharge tube was run- 
ning better than before and it should have been possible to photograph the 
H! lines in less than a second. Again, the intensities of the ghost lines pro- 
duced by the grating used are about 1/200th of the intensities of the main 
lines and the H? lines have an intensity equal to about 1/4th of that of the 
ghost lines as determined by relative exposure times of 1 to 4. This gives a 
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ratio of about 1 in 800. This is about the best estimate that we were able 
to make of the relative intensities in this sample. Sample III contains H? in 
larger amounts than sample II, perhaps as much as 1 part in 500 to 600.2° 

Fig. 4 shows microphotometer curves of the H@ lines from three samples 
of hydrogen. The plates were selected so that the densities of the ghost lines 
were as nearly alike as possible. Visual comparison of the plates shows that 
the variations in the densities of the ghost lines are such that the intensities 


























GHOST H's HB H'p GHOST 


Fig. 4. Microphotometer curves of H3 for (A) ordinary hydrogen (B) Sample II (C) Sample 
III. The calculated position of H% is indicated although there is no evidence for its existence 
from these curves. The h's indicate regions of halation. 


are in the order A > B>C. The heights of the microphotometric curves of the 
ghosts in Fig. 4 would not seem to substantiate this statement. The ghost 


20 Walker Bleakney (Bull. Am. Phys. Soc., Boston meeting) has found that the relative 
abundance in sample III is 1:1100 +10 percent. This was determined after this paper was 
written. We have not revised our estimate since it was our best judgment based on our expo- 
sure times, but we believe his estimate to be better than ours since his method is the more reli- 
able. 


14 H. C. UREY, F. G. BRICKWEDDE, AND G. M. MURPHY 


curves of B and C are higher than that of A because of a more continuous 
background in A due partly to the different distribution of the halation. The 
fourth order ghosts on the plates are not complicated in this way and visually 
have the intensity order 4 >B>C. The line to the right of the main H! line 
with an intensity in 4 greater than in either B or C is a molecular line. The 
increase in the intensity of the H’3 line for samples II and III as recorded by 
curves B and C over that for ordinary hydrogen, Curve A, can easily be seen. 








§ 





Nuclear Electrons — 
Fig. 5. The proton-electron plot of atomic nuclei. 
This shows that the concentration of the H? isotope was markedly increased 
by evaporation at the triple point. The heights of the curves above the 


estimated continuous backgrounds are in the ratio A:B:C=4:16:17, thus 
substantiating the estimates of increased concentration from exposure times. 


A SystTEM OF ATOMIC NUCLEI 


It is of interest to see how the H? nucleus fits into a system of atomic 
nuclei. Periodic systems have been proposed by several authors and are 
largely equivalent. The simple proton-electron plot shows regularities in a 
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very good way and the accompanying figure (Fig. 5) shows the regularities 
up to A*, The figure suggests that H*® and He’ should exist. No evidence for 
H? has as yet been found, but further concentration (see below) may yet show 
that this nuclear species exists. It should be possible to concentrate He’ by the 
distillation of liquid helium, and this method may show that this nucleus also 
exists. 


OTHER METHODS FOR CONCENTRATING THE HEAVIER 
ISOTOPES OF HYDROGEN 


It seems entirely feasible to construct a fractionating column that will 
greatly increase the efficiency of the distillation method for separating these 
isotopes. This method has the distinct advantage that it is capable of produc- 
ing large samples. On the other hand, it requires rather large volumes of gas, 
so that after the isotope has been concentrated in small volumes by the frac- 
tional distillation and rectification of liquid hydrogen, further concentration 
may be better carried out using diffusion methods. Stern and Vollmer* used 
such a method in an attempt to find isotopes of hydrogen and oxygen, work- 
ing on the hypothesis that the non-integral atomic weight of hydrogen might 
be due to a higher isotope. They report that a heavier hydrogen isotope is not 
present to the extent of 1 part in 100,000. Their negative result emphasizes 
the difficulties of diffusion methods which for success require carefully con- 
trolled conditions. Such an apparatus as has been described by Hertz” should 
be very effective for the separation of the hydrogen isotopes. Work is in prog- 
ress on the construction of such an apparatus for further concentration be- 
yond the state that we can reach with distillation methods. 

The authors take pleasure in acknowledging their indebtedness to the 
Physics Department of Columbia University for the grating and other 
facilities used in this work and for its cooperation. We are also indebted to 
the Chemistry Department of New York University and, to Mr. R. L. Gar- 
man in particular, for the microphotometer curves. 


21 QO. Stern and M. Vollmer, Ann. d. Physik (4) 59, 225 (1919). 
2 G. Hertz, Zeits. f. Physik 19, 35 (1923). 
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ALABAMA EXPERIMENT STATION, AUBURN, ALABAMA 


(Received January 4, 1932) 


ABSTRACT 


The Allison magneto-optic method shows that copper has a third less abundant 
isotope of atomic weight less than 63. 


ees YN and Murphy! have described a magneto-optic method of 
chemical analysis in which compounds are detected by the time lag of 
their Faraday effects behind the applied magnetic field. The time lag is 
measured with respect to that of some reference material which in this experi- 
ment is carbon disulfide. The time lags for various compounds may be greater 
or less than that for carbon disulfide. The time intervals are extremely short 
and the actual measurements are linear measurements of the path of a light 
beam or of an electric impulse along a conductor. In the present apparatus, 
each scale division represents 10~* sec. With carbon disulfide in the compar- 
ison cell, the scale reading is 15.00. By subtracting the scale reading for an- 
other compound from 15.00, and multiplying by 10~° the differential time lag 
in seconds of the Faraday effect for the compound with respect to carbon 
disulfide is obtained. 

The time at which the magnetic field becomes effective is determined by 
the extinction or at least the reduction to a minimum of the light which, 
passes through the apparatus. In the case of solutions of inorganic compounds 
there is often more than one setting for minimum light. These minima have 
been found to be equal in number to the number of isotopes of the cation. The 
differential time lag is found to be a function of the equivalent weight of each 
constituent of the compound. For a given anion, the time lag decreases with 
increasing equivalent weight of the cation. 

When solutions, that are at first too dilute to show the effect, have their 
concentrations increased, it is found that the isotope which is most abundant 
gives the threshold change of intensity first. This is as expected, but to organ- 
ize the data consistently it was found necessary to assume that, for a given 
element, the time lag increases with increasing equivalent weights of the 
isotopes.” 

Of a large number of elements studied by several investigators employing 
the magneto-optic method, copper presented the only exception to this rule. 
The cupric chloride minimum with a time lag of —5.48X10~* sec. (scale 
reading 20.48) was always obtained with more dilute solutions than the 

1 Allison and Murphy, J. Am. Chem. Soc. 52, 3796 (1930). 


2 Allison and Murphy, Phys. Rev. 36, 1097 (1930); Allison, Ind. & Eng. Chem. (Anal. Ed.) 
4, 9 (1932). 
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minimum with a time lag of —5.66X10~° sec. (scale reading 20.66). The 
second has the smaller time lag (greater negative value), but the lower weight 
isotope (63), of the two usually assigned to copper, is the more abundant.’ 
Since it did not seem reasonable that copper should behave differently in this 
respect from other elements, a search was made for other minima. 

A cupric chloride solution was carefully examined for additional minima 
and one found with a time lag of —5.56X10~* sec. (scale reading 20.56).4 
With a solution containing one part of cupric chloride in 10" of water, no 
minima were observed. As the concentration was increased, the minimum at 
—5.56X10~° sec. (scale reading 20.56) appeared first, that at —5.48X10~° 
sec. (scale reading 20.48) followed and that at —5.66X10~° (scale reading 
20.66) came last. These minima must then correspond to the isotopes in the 
order of their abundance, the first to Cu®, the second to Cu® and the last, 
having the least time lag to an isotope lighter than Cu® and also least abun- 
dant.° Determinations with cupric sulfate showed its minima appearing in the 
same order as found for cupric chloride. Other copper compounds were ex- 
amined and three minima were found for each. The data are given in the 
following table. 


TABLE I. Scale readings of minima and differential time lag with respect to carbon 
disulfide for copper compounds. 


Cl NO: SO, 
Scale Seconds Scale Seconds Scale Seconds 
reading x 107° reading «107° reading x 10~° 
Cu** 20.48 —5.48 |e 7.65 14.80 0.20 
20.56 —5.56 7.40 7.60 14.90 0.10 
20.68 —5.68 7.43 7.57 15.00 0.00 
Cu* 30.38 —15.38 9.20 5.80 23.24 —8.24 
30.45 —15.45 9.35 5.65 23.40 —8.40 
30.68 —15.68 9.50 5.50 23.50 —8.50 





The minima attributed to copper are not given by the corresponding zinc 
compounds or any other compound that has been examined. Precautions 
were taken to avoid any possible contamination. The water used was redis- 
tilled from Pyrex. All compounds used were C. P. and the cupric sulfate was 
recrystalized. Cuprous compounds were prepared from cupric by reduction 
with metallic copper. The minima of cupric chloride and sulfate were deter- 
mined in solutions whose concentration was a few parts in 10" so that any 
impurity would have had to be present in as great concentration as the copper 

’ Aston, Nature 112, 162 (1923); Mulliken, Phys. Rev. 26, 1 (1925); Hicks, Nature 123, 
838 (1929). 

* Except for threshold values, obtained as the concentrations are increased, the minima 
appear the same to the eye, so that the most abundant isotope may be missed as readily as any 
other. 

5 Dempster, Nature 112,7 (1923), reported three isotopes of copper of weight 62,64, and 66, 
but Aston, Nature 112, 162 (1923), found only 63 and 65 and attributed Dempster’s lines to 
zinc. Dempster found his lightest isotope most abundant and the other two of equal intensity 
which is not in agreement with the findings above. 
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to produce minima. It seems impossible that any contamination could have 
been so consistently present in all copper compounds examined, especially 
in both valences, and not be found in water or any other compound examined. 

It is interesting to note that a copper isotope of mass 61 would fit into 
“The Natural System of Atomic Nuclei” proposed by Urey. The data above 
indicate merely that the weight is less than 63. 

I wish to express my appreciation to Dr. Allison for the use of his ap- 
paratus and for his cooperation in the work. 
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WITHOUT THE USE OF HIGH VOLTAGES 
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UNIVERSITY OF CALIFORNIA 


(Received February 20, 1932) 


ABSTRACT 


The study of the nucleus would be greatly facilitated by the development of 
sources of high speed ions, particularly protons and helium ions, having kinetic 
energies in excess of 1,000,000 volt-electrons; for it appears that such swiftly moving 
particles are best suited to the task of nuclear excitation. The straightforward method 
of accelerating ions through the requisite differences of potential presents great experi- 
mental difficulties associated with the high electric fields necessarily involved. The 
present paper reports the development of a method that avoids these difficulties by 
means of the multiple acceleration of ions to high speeds without the use of high volt- 
ages. The method is as follows: Semi-circular hollow plates, not unlike duants of an 
electrometer, are mounted with their diametral edges adjacent, in a vacuum and in 
a uniform magnetic field that is normal to the plane of the plates. High frequency 
oscillations are applied to the plate electrodes producing an oscillating electric field 
over the diametral region between them. As a result during one half cycle the electric 
field accelerates ions, formed in the diametral region, into the interior of one of the 
electrodes, where they are bent around on circular paths by the magnetic field and 
eventually emerge again into the region between the electrodes. The magnetic field is 
adjusted so that the time required for traversal of a semi-circular path within the elec- 
trodes equals a half period of the oscillations. In consequence, when the ions return to 
the region between the electrodes, the electric field will have reversed direction, and 
the ions thus receive second increments of velocity on passing into the other electrode. 
Because the path radii within the electrodes are proportional to the velocities of the 
ions, the time required for a traversal of a semi-circular path is independent of their 
velocities. Hence if the ions take exactly one half cycle on their first semi-circles, they 
do likewise on all succeeding ones and therefore spiral around in resonance with the 
oscillating field until they reach the periphery of the apparatus. Their final kinetic 
energies are as many times greater than that corresponding to the voltage applied 
to the electrodes as the number of times they have crossed from one electrode to 
the other. This method is primarily designed for the acceleration of light ions and 
in the present experiments particular attention has been given to the production of 
high speed protons because of their presumably unique utility for experimental in- 
vestigations of the atomic nucleus. Using a magnet with pole faces 11 inches in 
diameter, a current of 10~* ampere of 1,220,000 volt-protons has been produced in 
a tube to which the maximum applied voltage was only 4000 volts. There are two 
features of the developed experimental method which have contributed largely to its 
success. First there is the focussing action of the electric and magnetic fields which 
prevents serious loss of ions as they are accelerated. In consequence of this, the mag- 
nitudes of the high speed ion currents obtainable in this indirect manner are com- 
parable with those conceivably obtainable by direct high voltage methods. Moreover, 
the focussing action results in the generation of very narrow beams of ions—less than 
1 mm cross-sectional diameter—which are ideal for experimental studies of collision 
processes. Of hardly less importance is the second feature of the method which is the 
simple and highly effective means for the correction of the magnetic field along the 
paths of the ions. This makes it possible, indeed easy, to operate the tube effectively 
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with a very high amplification factor (i.e., ratio of final equivalent voltage of acceler- 
ated ions to applied voltage). In consequence, this method in its present stage of 
development constitutes a highly reliable and experimentally convenient source of 
high speed ions requiring relatively modest laboratory equipment. Moreover, the 
present experiments indicate that this indirect method of multiple acceleration now 
makes practicable the production in the laboratory of protons having kinetic energies 
in excess of 10,000,000 volt-electrons. With this in mind, a magnet having pole faces 
114 cm in diameter is being installed in our laboratory. 


INTRODUCTION 


HE classical experiments of Rutherford and his associates! and Pose? on 

artificial disintegration,and of Bothe and Becker*on excitation of nuclear 
radiation, substantiate the view that the nucleus is susceptible to the same 
general methods of investigation that have been so successful in revealing the 
extra-nuclear properties of the atom. Especially do the results of their work 
point to the great fruitfulness of studies of nuclear transitions excited arti- 
ficially in the laboratory. The development of methods of nuclear excitation 
on an extensive scale is thus a problem of great interest; its solution is prob- 
ably the key to a new world of phenomena, the world of the nucleus. 

But it is as difficult as it is interesting, for the nucleus resists such experi- 
mental attacks with a formidable wall of high binding energies. Nuclear 
energy levels are widely separated and, in consequence, processes of nuclear 
excitation involve enormous amounts of energy—millions of volt-electrons. 

It is therefore of interest to inquire as to the most promising modes of 
nuclear excitation. Two general methods present themselves; excitation by 
absorption of radiation (gamma radiation), and excitation by intimate nu- 
clear collisions of high speed particles. 

Of the first it may be said that recent experimental studies ** of the ab- 
sorption of gamma radiation in matter show, for the heavier elements, varia- 
tions with atomic number that indicate a quite appreciable nuclear effect. 
This suggests that nuclear excitation by absorption of radiation is perhaps a 
not infrequent process, and therefore that the development of an intense 
artificial source of gamma radiation of various wave-lengths would be of con- 
siderable value for nuclear studies. In our laboratory, as elsewhere, this being 
attempted. 

But the collision method appears to be even more promising, in con- 
sequence of the researches of Rutherford and others cited above. Their 
pioneer investigations must always be regarded as really great experimental 
achievements, for they established definite and important information about 
nuclear processes of great rarity excited by exceedingly weak beams of bom- 
barding particles—alpha-particles from radioactive sources. Moreover, and 
this is the point to be emphasized here, their work has shown strikingly the 


1 See Chapter 10 of Radiations from Radioactive Substances by Rutherford, Chadwick 
and Ellis. 

2H. Pose, Zeits. f. Physik 64, 1 (1930). 

3 W. Bothe and H. Becker, Zeits. f. Physik 66, 1289 (1930). 

4G. Beck, Naturwiss. 18, 896 (1930). 

5 C. Y. Chao, Phys. Rev. 36, 1519 (1930). 
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great fruitfulness of the kinetic collision method and the importance of the 
development of intense artificial sources of alpha-particles. Of course it can- 
not be inferred from their experiments that alpha-particles are the most 
effective nuclear projectiles: the question naturally arises whether lighter or 
heavier particles of given kinetic energy would be more effective in bringing 
about nuclear transitions. 

A beginning has been made on the theoretical study of the nucleus and a 
partial answer to this question has been obtained. Gurney and Condon® and 
Gamow’ have independently applied the ideas of the wave mechanics to 
radioactivity with considerable success. Gamow’ has further considered along 
the same lines the penetration into the nucleus of swiftly moving charged 
particles (with excitation of nuclear transitions in mind) and has concluded 
that, for a given kinetic energy, the lighter the particle the greater is the 
probability that it will penetrate the nuclear potential wall. This result is not 
unconnected with the smaller momentum and consequent longer wave- 
length of the ligher particles; for it is well-known that transmission of matter 
waves through potential barriers becomes greater with increasing wave- 
lengths. 

If the probability of nuclear excitation by a charged particle were mainly 
dependent on its ability to penetrate the nuclear potential wall, electrons 
would be the most effective. However, there is considerable evidence that 
nuclear excitation by electrons is negligible. It suffices to mention here the 
current view that the average density of the extra-nuclear electrons is quite 
great in the region of the nucleus, i.e., that the nucleus is quite transparent 
to electrons; in other words, there are no available stable energy levels for 
them. 

On the other hand, there is evidence that there are definite nuclear levels 
for protons as well as alpha-particles;* indeed, there is some justification for 
the view that the general principles of the quantum mechanics are applicable 
in the nucleus to protons and alpha particles. It is not possible at the present 
time to estimate the relative excitation probabilities of the protons and alpha 
particles that succeed in penetrating the nucleus. However, it does seem likely 
that the greater penetrability of the proton* is an advantage outweighing any 
differences in their excitation characteristics. Protons thus appear to be most 
suited to the task of nuclear excitation. 

Though at present the relative efficacy of protons and alpha-particles 
cannot be established with much certainty, it does seem safe to conclude at 
least that the most efficacious nuclear projectiles will prove to be swiftly 
moving ions, probably of low atomic number. In consequence it is important 
to develop methods of accelerating ions to speeds much greater than have 
heretofore been produced in the laboratory. 

® Gurney and Condon, Phys. Rev. 33, 127 (1929). 

7 Gamow, Zeits. f. Physik 51, 204 (1928). 

5’ Gamow, Zeits. f. Physik 52, 514 (1929). 

* J. Chadwick, J. E. R. Constable, E. C. Pollard, Proc. Roy. Soc. A130, 463 (1930). 

* According to Gamow's theory a one million volt-proton has as great a penetrating power 
as a sixteen million volt alpha-particle. 
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The importance of this is generally recognized and several laboratories are 
developing techniques of the production and the application to vacuum tubes 
of high voltages for the generation of high speed electrons and ions. Highly 
significant progress in this direction has been made by Coolidge,'’ Lauritsen," 
Tuve, Breit, Hafstad, Dahl,” Brasch and Lange," Cockroft and Walton," 
Van de Graaff and others, who have developed several distinct techniques 
which have been applied to voltages of the order of magnitude of one million. 

These methods involving the direct utilization of high voltages are subject 
to certain practical limitations. The experimental difficulties go up rapidly 
with increasing voltage; there are the difficulties of corona and insulation and 
also there is the problem of design of suitable high voltage vacuum tubes. 

Because of these difficulties we have thought it desirable to develop meth- 
ods for the acceleration of charged particles that do not require the use of high 
voltages. Our objective is two fold: first, to make the production of particles 
having kinetic energies of the order of magnitude of one million volt-electrons 
a matter that can be carried through with quite modest laboratory equip- 
ment and with an experimental convenience that, it is hoped, will lead to a 
widespread attack on this highly important domain of physical phenomena; 
and second, to make practicable the production of particles having kinetic 
energies in excess of those producible by direct high voltage methods—per- 
haps in the range of 10,000,000 volt-electrons and above. 

A method for the multiple acceleration of ions to high speeds, primarily 
designed for heavy ions, has recently been described in this journal.” The 
present paper is a report of the development of a method for the multiple 
acceleration of light ions.'’? Particular attention has been given to the ac- 
celeration’of protons because of their apparent unique utility in nuclear 
studies. In the present work relatively large currents of 1,220,000 volt-protons 
have been generated and there is foreshadowed in the not distant future the 
production of 10,000,000 volt-protons. 


THE EXPERIMENTAL METHOD 


In the method for the multiple acceleration of ions to high speeds, re- 
cently described,’ the ions travel through a series of metal tubes in synchro- 
nism with an applied oscillating electric potential. It is so arranged that as an 


10 W. D. Collidge, Am. Inst. E. Eng. 47, 212 (1928). 

1 C. C. Lauritsen and R. D. Bennett, Phys. Rev. 32, 850 (1928). 

2 M.A. Tuve, G. Breit, L. R. Hafstad and O. Dahl, Phys. Rev. 35, 66 (1930); M. A. Tuve, 
L. R. Hafstad, O. Dahl, Phys. Rev. 39, 384, (1932). 

18 A. Brasch and J. Lange, Zeits. f. Physik 70, 10 (1931). 

4 J. J. Cockroft and E. T. S. Walton, Proc. Roy. Soc. A129, 477 (1930). 

% R.S. Van de Graaff, Schenectady Meeting American Physical Society, 1931. 

16 D. H. Sloan and E. O. Lawrence, Phys. Rev. 38, 2021 (1931). 

17 This method was first described before the September, 1930, meeting of the National 
Academy of Sciences (Lawrence and Edlefsen, Science 72, 376-377 (1930)). Later before the 
American Physical Society (Lawrence and Livingston, Phys. Rev. 37, 1707, (1931)) results of a 
preliminary study of the practicability of the method were given. Further work was reported 
in a Letter to the Editor of the Physical Review (Lawrence and Livingston, Phys. Rev. 38, 
834 (1931). 
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ion travels from the interior of one tube to the interior of the next there is 
always an accelerating field, and the final velocity of the ion on emergence 
from the system corresponds approximately to a voltage as many times 
greater than the applied voltage between adjacent tubes as there are tubes. 
The method is most conveniently used for the acceleration of heavy ions; for 
light ions travel faster and hence require longer systems of tubes for any given 
frequency of applied oscillations. 

The present experimental method makes use of the same principle of 
repeated acceleration of the ions by a similar sort of resonance with an oscil- 
lating electric field, but has overcome the difficulty of the cumbersomely 
long accelerating system by causing, with the aid of a magnetic field, the ions 
to circulate back and forth from the interior of one electrode to the interior 
of another. 
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Fig. 1. Diagram of experimental method for multiple acceleration of ions. 


This may be seen most readily by an outline of the experimental arrange- 
ment (Fig. 1). Two electrodes A, B in the form of semi-circular hollow plates 
are mounted in a vacuum tube in coplanar fashion with their diametral edges 
adjacent. By placing the system between the poles of a magnet, a magnetic 
field is introduced that is normal to the plane of the plates. High frequency 
electric oscillations are applied to the plates so that there results an oscillating 
electric field in the diametral region between them. 

With this arrangement it is evident that, if at one moment there is an ion 
in the region between the electrodes, and electrode A is negative with respect 
to electrode B, then the ion will be accelerated to the interior of the former. 
Within the electrode the ion traverses a circular path because of the magnetic 
field, and ultimately emerges again between the electrodes; this is indicated 
in the diagram by the arca.. b. If the time consumed by the ion in making the 
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semi-circular path is equal to the half period of the electric oscillations, the 
electric field will have reversed and the ion will receive a second acceleration, 
passing into the interior of electrode B with a higher velocity. Again it travels 
on a semi-circular path (b..c), but this time the radius of curvature is greater 
because of the greater velocity. For all velocities (neglecting variation of mass 
with velocity) the radius of the path is proportional to the velocity, so that 
the time required for traversal of a semi-circular path is independent of the 
ion’s velocity. Therefore, if the ion travels its first half circle in a half cycle of 
the oscillations, it will do likewise on all succeeding paths. Hence it will cir- 
culate around on ever widening semi-circles from the interior of one electrode 
to the interior of the other, gaining an increment of energy on each crossing 
of the diametral region that corresponds to the momentary potential differ- 
ence between the electrodes. Thus, if, as was done in the present experiments, 
high frequency oscillations having peak values of 4000 volts are applied to the 
electrodes, and protons are caused to spiral around in this way 150 times, they 
will receive 300 increments of energy, acquiring thereby a speed correspond- 
ing to 1,200,000 volts. 

It is well to recapitulate these remarks in quantitative fashion. Along the 
circular paths within the electrodes the centrifugal force of an ion is balanced 
by the magnetic force on it, i.e., in customary notation, 


mo> — Hev : 
— <a « (1) 
r c 
It follows that the time for traversal of a semi-circular path is 
™r | OorMc ») 
i ae i ere (2 
v He 


which is independent of the radius 7 of the path and the velocity v of the ion. 
The particle of mass m and charge e thus may be caused to travel in phase 
with the oscillating electric field by suitable adjustment of the magnetic 
field /7: the relation between the wave-length A of the oscillations and the cor- 
responding synchronizing magnetic field // is in consequence 
2rmc* 
4a - (3) 
He 
Thus for protons and a magnetic field of 10,000 gauss the corresponding wave- 
length is 19.4 meters; for heavier particles the proper wave-length is pro- 
portionately longer.* 
It is easily shown also that the energy V in volt-electrons of the charged 
particles arriving at the periphery of the apparatus on a circle of radius r is 


* It should be mentioned that, for a given wave-length, the ions resonate with the oscilla- 
tions when magnetic fields of 1/3, 1/5, etc., of that given by Eq. (3) are used. Such types of 
resonance were observed in the earlier experimental studies. In the present experiments, how- 
ever, the high speed ions resulting from the primary type of resonance only were able to pass 
through the slit system to the collector, because of the high deflecting voltages used. 
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Thus, the theoretical maximum producible energy varies as the square of the 
radius and the square of the-magnetic field. 


EXPERIMENTAL ARRANGEMENT 


The experimental arrangement is shown diagrammatically in some detail 
in Fig. 2. Fig. 3 isa photograph of the brass vacuum tube with cover removed 
showing the filament, the accelerating electrode, the deflecting plates and slit 
system, the probe in front of the first slit mounted on a ground joint and the 
Faraday collector behind the last slit. An external view of the apparatus is 
shown in Fig. 4. Here the tube is shown between the magnet pole faces, con- 
nected with the oscillator, the vacuum system and hydrogen generator. This 
gives a good general idea of the modest extent of the equipment involved for 
the generation of protons having energies somewhat in excess of 1,000,000 
volt-electrons. The control panel and electrometer, being on the other side, 
are not shown in the picture. The description of the apparatus follows. 


The accelerating system. Though there are obvious advantages in 
applying the high frequency potentials with respect to ground to both ac- 
celerating electrodes, in the present experiments it was found convenient to 
apply the high frequency voltage to only one of the electrodes, as indicated in 
Fig. 2. This electrode was a semi-circular hollow brass plate 24 cm in diameter 
and 1 cm thick. The sides of the hollow plate were of thin brass so that the 
interior of the plate had approximately these dimensions. It was mounted on 
a water-cooled copper re-entrant tube which in turn passed through a copper 
to glass seal. The electrode insulated in this way was mounted in an evacu- 
ated brass box having internal dimensions 2.6 cm by 28.6 cm by 28.6 cm, there 
being thus a lateral clearance between the electrode and walls of the brass 
chamber of 8 mm. 

The brass box itself constituted the other electrode of the accelerating 
system. Across the mid-section of the brass chamber parallel to the diametral 
edge of the electrode A was placed a brass dividing wall S with slits of the 
same dimensions as the opening of the nearby electrode. This arrangement 
gave rise to the same type of oscillating electric fields as would have been 
produced had there been used two insulated semi-circular electrodes with 
their diametral edges adjacent and parallel. 


The source of ions. An ideal source of ions is one that delivers to the 
diametral region between the electrodes large quantities of ions with low 
components of velocity normal to the plane of the accelerators. This require- 
ment has most conveniently been met in the present experiments merely by 
having a filament placed above the diametral region from which a stream of 
electrons pass down along the magnetic lines of force, generating ions of 
gases in the tube. The ions so formed are pulled out sideways by the oscillat- 
ing electric field. The electrons are not drawn out because of their very small 
radii of curvature in the magnetic field. Thus, the beam of electrons is col- 





E. O. LAWRENCE AND M. S. LIVINGSTON 





























Copper to glass + e235 OME a 
Sea/s dk = , 
3 4 SY 
BA | bet 
“LN 
hygtregen A , Vacu » Pump 
i | 
> > 
errors | OP PPP 4 = - “ = aooat 
e 4 
Window} 7 ** /$0 volts DC. 
| Sa ~ ve =i — 
- ae ” ry filament - /2 volts DC. 
io > : 
| | 





nl 


Fig. 2. Diagram of 








© 


Detlecting potential 


/ectrometer 


ewe 


apparatus for the multiple acceleration of ions. 


eee 


eT ee eee 


Fig. 3. Tube for the multiple acceleration of light ions—with cover removed. 
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limated and the ions are formed with negligible initial velocities right in the 
region where they are wanted. The oscillating electric field immediately 
draws them out and takes them on their spiral paths to the periphery. This 
arrangement is diagrammatically shown in the upper part of Fig. 1. 





Fig. 4. External view of apparatus for generation of 1,220,000 volt protons. 


The magnetic field. This experimental method requires a highly uniform 
magnetic field normal to the plane of the accelerating system. For example, if 
the ions are to circulate around 100 times, thereby gaining energy correspond- 
ing to 200 times the applied voltage, it is necessary that the magnetic field 
be uniform to a fraction of one percent. A general consideration of the matter 
leads one to the conclusion that, if possible, the magnetic field should be con- 
stant to about 0.1 percent from the center outward. Though this presumably 
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difficult requirement has been met easily by an empirical method of field cor- 
rection, the magnet used in the present experiments has pole faces machined 
as accurately as could be done conveniently. Its design was quite similar to 
that of Curtis.'* The pole faces were 11 inches in diameter and the gap separa- 
tion was 13 inches. Armco iron was used throughout the magnetic circuit. 
The magnetomotive force was provided by two coils of number 14 double 
cotton covered wire of 2,000 turns each. No water cooling was incorporated, 
for the magnet was not intended for high fields. In practice the magnet 
would give a field of 14,000 gauss for considerable periods without overheat- 
ing. The pole faces were made parallel to about 0.2 percent and so it was to be 
expected that the magnetic field produced would be highly uniform. Explora- 
tion with a bismuth spiral confirmed this expectation, since it failed to show 
an appreciable variation of the magnetic field in the region between the poles, 
excepting within an inch of the periphery. 

The collector system. In planning a suitable arrangement for collecting 
the high speed ions at the periphery of the apparatus, it was clearly desirable 
to devise something that would collect the high speed ions only and which 
would also measure their speeds. One might regard it as legitimate to suppose 
that the magnetic field itself and the distance of the collector from the center 
of the system would determine the speeds of the ions collected. This would be 
true provided there were no scattering and reflection of ions. To eliminate 
these extraneous effects a set of 1 mm slits was arranged on a circle a .. a, as 
shown in Fig. 2, of radius about 12 percent greater than the circle, indicated 
by the dotted line in the figure, having its center at the center of the tube and 
a radius of 11.5 cm. The two circles were tangent at the first slit as shown. 
The ions on arrival at the first slit would be traveling presumably on circles 
approximately like the dotted line, and hence would not be able to pass 
through the second and third slits to the Faraday collector C. Electrostatic 
deflecting plates D, separated by 2 mm, were placed between the first two 
slits, making possible the application of electrostatic fields to increase the 
radius of curvature of the paths of the high speed ions sufficiently to allow 
them to enter the collector. By applying suitable high potentials to the de- 
flecting system in this way, only correspondingly high speed ions were 
registered. 

The collector currents were measured by an electrometer shunted with a 
suitable high resistance leak. 

The oscillator. The high frequency oscillations applied to the electrode 
were supplied by a 20 kilowatt Federal Telegraph water-cooled power tube in 
a “tuned plate tuned grid” circuit, for which the diagram of Fig. 2 is self- 
explanatory. 

THE FocussinG ACTIONS 

When one considers the circulation of the ions around many times as 
they are accelerated to high speeds in this way, one wonders whether in 
practice an appreciable fraction of those starting out can ever be made to 


18 LL. F. Curtis, Jour. Op. Soc. Am. 13, 73 (1926). 








— 


I 
e . 





























PRODUCTION OF HIGH SPEED IONS 29 
arrive at the periphery and to pass through a set of slits perhaps 1 mm wide 
and 1 cm long. The paths of the ions in the course of their acceleration would 
be several meters, and, because of the unavoidable spreading effects of space 
charge, thermal velocities and contact electromotive forces, as well as inhom- 
ogeneities of the applied fields, it would appear that the effective solid angle 
of the peripheral slit for the ions starting out would be exceedingly small. 

Fortunately, however, this does not turn out to be the case. The electric 
and magnetic fields have been so arranged that they provide extremely strong 
focussing actions on the spiraling ions, which keep them circulating close to 
the median plane of the accelerating system. 
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Fig. 5. Diagram indicating the focussing action of the electric field 
between the accelerating electrodes. 


Fig. 5 shows the focussing action of the electric fields. There is depicted a 
cross-section of the diametral region between the accelerating electrodes with 
the nature of the field indicated by lines of force. There is shown also a dotted 
line which represents qualitatively the path of an ion as it passes from the 
interior of one electrode to the interior of the other. It is seen that, since it is 
off the median plane in electrode A, on crossing to B it receives an inward 
displacement towards the median plane. This is because of the existence of the 
curvature of the field, which over certain regions has an appreciable com- 
ponent normal to the plane, as indicated. If the velocity of the ion is very 
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Fig. 6. Diagram indicating focussing action of magnetic field. 


high in comparison to the increment of velocity gained in going from plate A 
to plate B, its displacement towards the center will be relatively small and, 
to the first approximation, it may be described as due to the ion having been 
accelerated inward on the first half of its path across and accelerated out- 
ward by an equal amount during the remainder of its journey, the net result 
being a displacement of the ion towards the center without acquiring a net 
transverse component of velocity. In general, however, the outward accelera- 
tion during the second half will not quite compensate the inward acceleration 
of the first, resulting in a gain of an inward component of velocity as well 
as an inward displacement. In any event, as the ion spirals around it will 
migrate back and forth ‘across the median plane and will not be lost to the 
walls of the tube. 
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The magnetic field also has a focussing action. Fig. 6 shows diagrammatic- 
ally the form of the field produced by the magnet. In the central region of the 
pole faces the magnetic field is quite uniform and normal to the plane of the 
faces; but out near the periphery the field has a curvature. Ions traveling on 
circles near the periphery experience thereby magnetic forces, indicated by 
the arrows. If the circular path is on the median plane then the magnetic 
force is towards the center in that plane. If the ion is traveling in a circle off 
the median plane, then there is a component of magnetic force that acceler- 
ates it towards the median plane, thereby giving effectively a focussing ac- 
tion. 

We have experimentally examined these two focussing actions, using a 
probe in front of the first slit of the collector system that could be moved up 
and down across the beam by means of a ground joint (see Fig. 3). It was 
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Fig. 7. lon current to Faraday collector as a function of the magnetic field with oscilla- 
tions of 28 meters wave-length applied to the accelerating electrodes. 


found that the focussing actions were so powerful that the beam of high speed 
ions had a width of less than one millimeter. Such a narrow beam of ions of 
course is ideal for many experimental studies. 

As a further test of the focussing action of the two fields, the median 
plane of the accelerating system was lowered 3 mm with respect to the plane 
of symmetry of the magnetic field. It was found that the high speed ion beam 
at the periphery traveled in a plane that was between the planes of symmetry 
of the two fields showing that both focussing actions were operative and at the 
periphery were of the same order of magnitude. 


EXPERIMENTAL RESULTS 


As a typical example there is shown in Fig. 7 a plot of the ion current to 
the Faraday collector as a function of the magnetic field for applied oscilla- 
tions of wave-length 28 meters and with hydrogen in the tube. It is seen that 
there are only two narrow ranges of magnetic field strength over which ion 
currents are observed; both correspond exactly to expectations, the one at 
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6930 gauss involving the resonance of protons, the other, hydrogen molecule 
ions. 

For each wave-length used, the magnetic field giving the greatest current 
to the collector agreed precisely with the theoretically expected value. This is il- 
lustrated in Fig. 8 where the curves represent the theoretical hyperbolic 
relations between wave-length and magnetic field (Eq. 3) for protons and 
hydrogen molecule ions, and the circles represent the experimental observa- 
tions. The magnetic fields were measured with a bismuth spiral and the oscil- 
lation wave-lengths were determined with a General Radio wavemeter. No 
effort was made to obtain considerable precision in these measurements, and 
in consequence their accuracy was hardly greater than 1 percent. 

The variation with applied high frequency voltage of the widths of the reso- 
nance peaks agreed also with theoretical expectations. It was found that as the 
voltage was reduced the peaks became sharper, and indeed, with voltages 
such that the ions were required to spiral around fifty and more times to reach 
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Fig. 8. Magnetic fields producing resonance of ions with oscillations of various wave- 
lengths: the curves are the theoretical relations (Eq. (3)) for H* and H.* ions and the circles 
are the experimental observations. 


the periphery, the ion currents diminished practically to zero when the mag- 
netic field was changed a few tenths of one percent from the optimum value. 
This sharpness of resonance is understandable when it is remembered that 
the time required for an ion to execute one of its semi-circular paths is in- 
versely proportional to the magnetic field. If, for example, the magnetic field 
were one percent greater or less than the resonance value, the ions would 
find themselves completely out of phase with the oscillations after having 
made fifty revolutions in the tube. In Fig. 7 the peaks exhibit an appreciable 
width, and indeed they extend over a one percent range of magnetic field. In 
most of the experiments, however, the ions circulated around many more 
times resulting in peaks of such restricted breadth as scarcely to be discern- 
ible in a diagram of this sort. 

It is of course evident that the upper limit to the number of times the ions 
will circulate is determined by the degree of uniformity of the average value 
of the magnetic field along the spiral paths. Indeed, it would seem difficult to 
construct a magnet with pole faces giving fields of sufficient uniformity to 
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allow more than 100 accelerations of the ions. But happily there is a very 
simple empirical way of correcting for the lack of uniformity of the field, that 
makes possible a surprisingly large voltage amplification. This is accomplished 
by insertion of thin sheets of iron between the tube and the magnet; either in 
the central region or out towards the periphery, as may be needed. If the 
magnetic field is, on the average, slightly less out towards the periphery so 
that the ions lag in phase more and more with respect to the oscillations as 
they spiral around, they may be brought back into step again by the insertion 
near the periphery of a strip of iron of suitable width, thickness and extension. 
If, on the other hand, the ions tend to get ahead in phase in this region, an 
effective correction can be made by inserting a suitable iron sheet in the 
central region. 

It should be emphasized in this connection that the requirement is not 
that the magnetic field has to be uniform everywhere to the extent indicated 
above; small deviations from uniformity are allowable provided that the 
average value of the magnetic field over the paths of the ons is such that 
they traverse successive revolutions in equal intervals of time. Thus, small 
magnetic field adjustments can be accomplished by increasing or decreasing 
the field over small portions of successive circular paths of the ions. In the 
present experiments the most satisfactory adjustment was made by the in- 
sertion of a sheet of iron 0.025 cm thick having a shape much like an exclama- 
tion point extending radially with the thick end 8 cm wide in the central 
region and the narrow end 3 cms wide at the periphery. Insertion of this cor- 
recting “shim” increased the amplification factor (that is, the ratio of the equiv- 
alent voltage of the ions arriving at the collector to the maximum high fre- 
quency voltage applied to the tube) from about 75 to about 300. These figures 
are of necessity somewhat rough estimates, because no means were con- 
veniently at hand to measure the high frequency voltages applied to the 
tube. Our estimates are based solely on sparking distances in air, and hence it 
is not unlikely that the voltage amplifications were even greater. 

The greatest voltage amplification was obtained when generating the 
highest speed ions, 1,220,000 volt-protons. In all our work we have found the 
experimental method to be increasingly effective in this regard, as in others, 
as we go to higher voltages. 

For example, the optimum pressure of hydrogen in the tube has been 
found to increase from less than 10-* mm of Hg when generating 200,000 
volt-protons to more than 10-* mm when producing 1,000,000 volt-protons. 
By the optimum pressure is meant the pressure that gives the largest current 
to the collector for a given electron emission from the filament. The reason for 
this is, of course, connected with the fact that the effective mean free path of 
the spiralling particles increases with voltage. 

Examples of the observed variation with voltage on the deflecting plates 
of the ion currents to the collector are shown in Fig. 9. Each curve is for a 
particular resonance condition; curve A, for example, was obtained when 
protons resonated with 37.5 meter oscillations in a magnetic field of 5180 
gauss, thereby theoretically resulting in the arrival of 172,000 volt-protons 
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at the first slit of the collector system. The wave-lengths used and the 
theoretically expected equivalent voltages of the ions generated in each in- 
stance is indicated in the figure. It is seen that, the higher the equivalent 
voltage of the ions, the higher was the required deflecting voltage to obtain 
the maximum ion currents to the collector. Indeed, within the experimental 
error, the optimum deflecting voltage was proportional to the theoretical 
kinetic energies of the ions (calculated from Eq. (4) ) and was quite inde- 
pendent of the magnitude of the high frequency voltage applied to the ac- 
celerating electrode. 7hese observations constitute incontrovertible evidence that 
the ions arriving at the collector actually had the high speeds theoretically ex- 
pected. The observed absolute magnitudes of the deflecting voltages also agreed 
with theoretical calculations within the experimental uncertainty of the paths 
of the ions before entering the deflecting system. Because of the considerable 
width of the ion source (the filament was 2.5 cm long) the effective center of 
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Fig. 9. Ion currents to the Faraday collector as a function of the voltage applied to the 
deflecting plates. The optimum deflecting voltages are seen to be proportional to the theoretic- 
ally calculated kinetic energies of the ions (indicated in the figure in volts), thus proving that 
the ions arriving at the collector actually have the theoretically expected high speeds. 


the circular paths of the ions at the periphery was quite broad. This fact to- 
gether with the slit widths accounted for the absolute range of deflecting 
voltages over which ion currents reached the collector. 


DISCUSSION 


The present experiments have accomplished one of the objectives set 
forth in the introduction, namely, the development of a convenient method 
for the production of protons having kinetic energies of the order of mag- 
nitude of 1,000,000 volt-electrons. It is well to emphasize two particular 
features that have contributed more than anything else to the effectiveness 
of the method: the focussing actions of the electric and magnetic fields, and the 
simple means of empirically correcting the magnetic field by the introduction of 
suitable iron strips. The former has solved the practical problem of genera- 
tion of intense high speed ion beams of restricted cross-section so much de- 
sired in studies of collision processes. The latter has eliminated the problem of 
uniformity of magnetic field, making possible voltage amplifications of more 
than 300. This in turn has practically eliminated any difficulties associated 
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with generation and application to the accelerating electrodes of required 
high frequency voltages. In consequence, we have here a source of high speed 
light ions ‘that is readily constructed and assembled in a relatively small 
laboratory space out of quite modest laboratory equipment. The beam of 
ions so produced has valuable characteristics of convenience and flexibility 
for many experimental investigations; there are obvious advantages of a 
steady beam of high speed ions of but one millimeter diameter generated in 
an apparatus on an ordinary laboratory table. Moreover, the apparatus 
evolved in the present work is in no respects capricious, but functions always 
in a satisfactorily predictable fashion. This is illustrated by the fact that the 
accelerating tube can be taken apart and reassembled, and then within a few 
hours after re-evacuation steady beams of 1,200,000 protons can always be 
obtained. 

But it is perhaps of even more interest to inquire as to the practical limita- 
tions of the method; to see what extensions and developments are fore- 
shadowed by the present experiments. 

Of primary importance is the probable experimental limitation on the 
producible proton energies. The practical limit is set by the size of the electro- 
magnet available; for the final equivalent voltage of the ions at the periphery 
is proportional to the square of the magnetic field strength and to the square 
of the radius of the path. For protons, it is not feasible to use magnetic fields 
much greater than employed in the present work (about 14,000 gauss) be- 
cause of the difficulties of application of suitably higher frequency oscilla- 
tions—that is to say, it is not desirable to go much below 14 meters wave- 
length. However, it is entirely practicable to use a much larger magnet than 
that employed in the present experiments. At the present time a magnet hav- 
ing pole faces 114 cm in diameter is being installed in our laboratory. As will 
be seen from Eq. (4), a magnetic field of 14,000 gauss over such a large region 
makes possible the production of 25,000,000 volt-protons. 

Of course, it may be argued that there are other difficulties which preclude 
ever reaching such a range of energies. For example, there is the question of 
whether it is possible to obtain such a great amplification factor that the 
high frequency voltages necessarily applied to the accelerating electrodes are 
low enough to be realizable in practice. In the present experiments an amplifi- 
cation of 300 was obtained with no great effort, and it would seem that with 
more careful correction of the field this amplification could be considerably 
increased at higher voltages. In the higher range of speeds the variation of 
mass with velocity begins to be appreciable, but presents no difficulty as it 
can be allowed for by suitable alteration of the magnetic field in the same 
empirical manner as is done to correct its otherwise lack of uniformity. 

Assuming then a voltage amplification of 500, the production of 25,000,- 
000 volt-protons would require 50,000 volts at a wave-length of 14 meters 
applied across the accelerators; thus, 25,000 volts on each accelerator with 
respect to ground. Jt does appear entirely feasible to do this, although to be sure 
a considerable amount of power would have to be supplied because of the 
capacity of the system. 
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Of similar interest is the matter of maximum obtainable beam intensities. 
In the present experiments no efforts have been made to obtain high in- 
tensities and the collector currents have usually been of the order of mag- 
nitude of 10-*° amp. Using the present method of generation of the ions, there 
are two factors that can be drawn upon to increase the yield of high speed 
ions—the electron emission and the pressure of hydrogen in the tube. The 
electron emission can easily be increased from 10 to 100 times over that used 
in the present experiments. The effective free paths of the protons increase 
with voltage so that, as was found to be the case, the maximum usable pres- 
sure of hydrogen is governed by the setting in of a high frequency discharge 
in the tubes due to the voltage on the accelerators. This appears to occur at a 
pressure greater than 10-* mm of Hg; the reason the critical pressure is so high 
is probably to be associated with the quenching action of the magnetic field. 
These considerations make it seem reasonable to expect that, using the pre- 
sent ion source, high speed ion currents of as much as 0.1 microampere can 
readily be obtained. 

At all events, it seems that the focussing of the spiralling ions is so effec- 
tive that a quite considerable portion of those starting out arrive at the col- 
lector and that the beam intensity is determined largely by the source. This 
method of multiple acceleration is capable of yields of the same order of mag- 
nitude as would conceivably result from the direct application of high voltages. 

For a given experimental arrangement the energy of the ions arriving at 
the collector varies inversely as their masses and directly as their charges. 
Thus, the large magnet mentioned above makes possible the production of 
12,500,000 volt hydrogen molecule ions and doubly charged helium ions 
(alpha-particles) as well as 25,000,000 volt-protons. Moreover, generating the 
theoretically maximum value of ion energies becomes much easier with in- 
creasing atomic weight because the wave-length of the applied high frequency 
oscillations increases in a like ratio. For example, using a magnetic field of 
14,000 gauss over a region 114 cm in diameter, 2,800,000 volt nitrogen ions 
could be generated by applying 123 meter oscillations. Broadly speaking, 
then, the apparatus is well adapted to the production of ions of all the ele- 
ments up to atomic weight 25 having kinetic energies in excess of 1,000,000 
volt-electrons. 

We wish to express our gratitude and thanks to the Committee-on-Grants- 
in-Aid of the National Research Council, the Federal Telegraph Company 
through the courtesy of Dr. Leonard F. Fuller, Vice-President, the Research 
Corporation, and the Chemical Foundation for their generous assistance 
which has made these experiments possible. 
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ARC DISCHARGE NOT OBTAINED IN PURE ARGON GAS 
By GivBert E. Doan anno J. LELAND MyYER* 
LEHIGH UNIVERSITY, BETHLEHEM, PENNSYLVANIA 


(Received February 18, 1932) 


ABSTRACT 
Between very pure iron electrodes in an argon atmosphere of fairly good purity, 
the low-voltage arc was easily maintained. When the argon was rigorously purified the 
are could not be struck even with moderate potentials. Although the present theories 
do not require it, the normal are discharge does appear to depend upon the presence 
of chemically active atoms or molecules, either in the gas or on the electrodes. Various 
hypotheses are presented. 


HE low voltage electrical discharge through gas or vapor has been ex- 

plained by Kk. T. Compton! on the basis of thermionic emission from a 
hot cathode, and by I. Langmuir? from the accumulation opposite the cath- 
ode of a positive space charge which pulls electrons out of the cathode, what- 
ever the cathode temperature. Most ares can be successfully accounted for 
by one or the other theory. 

Neither theory postulates the necessity for the presence of chemically 
active atoms or molecules in the arc environment. Previous experimenters 
have reported on arcs maintained without difficulty in inert gases, such as 
argon, helium and neon. However, the present experiments indicate that with 
potentials upwards to 120 volts between electrodes of very pure gas-free 
iron, in highly purified argon gas at atmospheric pressure, the arc discharge 
does not take place. Separating the electrodes following contact produces a 
spark which goes out instantly, with no manifestation of the arc discharge. 
The short circuit current is of the order of 5 amperes. The slightest trace of 
atmospheric contamination in the argon gas changes the results entirely and 
permits the normal arc to be struck and easily maintained. It appears that a 
slight contamination of the argon by chemically active molecules is a prere- 
quisite for the are discharge. Between pure iron electrodes, in pure argon at 
atmospheric pressure, the normal arc discharge is not obtained. 

The iron electrodes used were of exceptional purity. Iron oxalate was 
repeatedly recrystallized from solution in distilled water. This oxalate was 
heated to the oxide, reduced by hydrogen to finely divided iron, sintered and 
swaged in a hydrogen furnace, and drawn into wire of 1/8 inch diameter. 
This wire was placed in a glass tube where it was heated in vacuo by induced 
currents for several hours, the glass tube being sealed at this temperature. 
Iron so prepared absorbs practically no gas* at normal temperatures. New 

* Engineering Foundation Fellow. 

1K. T. Compton, Phys. Rev. 21, 266 (1923). 

2 1. Langmuir, Gen. Elec. Review 26, 735 (1923); Science 58, 290 (1923). 

$S. Dushman, Jour. Frank. Inst., June, 1931; A. Sieverts, Zeits. f. Metallkunde 21, 37 
(1929). 
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electrodes were used for each test. They were carefully polished before use, 
and discarded thereafter. 

The supply of argon gas was likewise quite pure (less than 30 parts in 
1,000,000 total impurities—principally nitrogen and water vapor), but it was 
subjected to further purification within the arcing system by means of a misch 
metal arc. The arcing system (Fig. 1) of Pyrex glass was evacuated, scavenged 
with argon and again evacuated. The final argon gas was admitted at atmos- 
pheric pressure, and its complete purification was begun by circulating it 
through the misch metal arc. Here the misch metal, vaporized by the heat of 
a high voltage arc, combined chemically with the residual impurities of the 
system, leaving only the inert argon gas. In the purification process the heated 
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Fig. 1. Purification and arcing chambers used in these experiments. AC, Arcing chamber; 
C, Electrode holders of copper with cooling fins; CL, Current leads; E, Pure iron electrodes; L, 
Lug for moving upper electrode; PC, Purification chamber; M, Misch metal purification arc; 
VL, Voltmeter leads. 


gas established convection through the connecting tubes to the arcing cham- 
ber proper, and thus all the gas is easily purified by 4 or 5 hours running of the 
misch metal arc. 

The upper electrode (anode) was movable by means of a ground glass lug 
in the top of the arcing chamber proper. When contact and separation was 
made with the stationary electrode in an attempt to strike the arc in the 
highly purified argon system, a momentary spark resulted, accompanied by 
a faint glow at the gap which moved rapidly downward over the negative 
electrode to the copper holder, and went out, the entire process occupying 
less than a second. If the attempt were repeated, the same occurrence took 
place—the weak sparking, followed by the faint glow on the cathode and its 
rapid extinction. 
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If the purification of the system was less rigorously carried out, these re- 
sults were not obtained. For instance, if the electrode holders of copper were 
not degassified, the cathode glow discharge about 1.5 inches long played on 
the holder for a minute or more (effectively an iron anode and impure copper 
cathode), and then removed upward to the tip of the iron electrode and be- 
haved subsequently as a normal arc. The establishment of an arc under these 
less pure conditions was apparently due to volatilization of gas from the 
copper holders for after the copper holders were removed and treated in a 
hydrogen furnace, it was no longer possible to establish the arc in the manner 
described. 

If the final purification of argon were omitted, the arc could be struck 
readily between the iron electrodes. In this case the arc was supported by the 

' residual impurity of the argon gas. This impurity is chiefly nitrogen and water 
vapor, as previously mentioned. 

To discover approximately how much oxygen or oxide was present in the 
contaminated condition which supported the arc discharge, the argon was 
evacuated. Fabry and Buisson‘ and also Child® have reported that the low- 
current arcs cannot be operated in vacuum without the presence of oxides. 
In each instance of the present investigation, the arc could not be struck after 
evacuation of the argon. This suggests that even under the contaminated 
conditions in which an arc can be maintained, the amount of active material I 
is very small. Spectroscopic observations are of little avail in detecting the 
role of oxygen in the arc, as the band spectra contain such an abundance of 
lines as to obscure the oxygen lines (if present) in the visible region. No obser- 
vations were taken in the ultraviolet, which would possibly be a better region 
in which to work. 

The inability to obtain the normal are discharge was experienced only 
after a scrupulous purification of the system. Four complete glass systems 


' 
were built up and each purified and tested several times with the same result. ' 
The consistent inability to obtain the arc discharge between the iron elec- : 
trodes was quite surprising since it was not previously understood that the 
arc discharge depends upon the presence of chemically active atoms or mole- 
cules. ; 


In commenting on the inability to obtain the normal arc under these con- 

ditions, K. T. Compton® suggests that possibly an oxide layer on the cathode 
is a prerequisite in maintaining the proper cathode temperature (in accord- | 
ance with the thermionic emission theory of the arc). Such an oxide layer 
might raise the cathode temperature either by virtue of its electrical re- 
sistance, or its thermal insulating properties. Compton further suggests that 
the elastic electron impacts with argon molecules might so scatter the current 
over the cathode as to make the establishment of a cathode spot impossible. 

S. Dushman,’ also considering the arc in terms of thermionic emission, 






4 Fabry and Buisson, C. R. 150, 1674 (1910). 
5 C. D. Child, Phys. Rev. 20, 364 (1905). 

6 K. T. Compton, Private communication. 
7S. Dushman, Private communication. 
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remarks that a thin film of iron on an oxide surface of the metal has a far 
greater thermionic emission than the uncontaminated metal surface itself. 
He is undertaking new experiments in a study of such effects. 

J.Slepian’ has discussed the subject in the light of Langmuir’s space-charge 
theory. For low current arcs, such as used in these experiments, the positive 
space charge just outside the cathode is very small. Consequently, the lines 
of force of such a charge are widely spread out, so that the electric field is 
materially weakened between the space charge and the cathode. If the field 
strength drops below a certain value, it is impossible for electrons to be 
“pulled out” of the cathode, and hence the discharge can not be supported. 

At present, it can not be said which of these suggestions is the most reason- 
able in accounting for the inability to obtain the arc discharge in pure argon 
gas. The investigation is being continued in an attempt to determine the 
important factors involved. 





8 J. Slepian, Discussion, Winter Convention A.I.E.E. New York, January 29, 1932, 
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ABSTRACT 


A treatment of the N+1 electron Schroedinger equation describing the elastic 
scattering of an electron beam by an atom with N electrons in the outer shell which, 
in first approximation, leads to the equation 


(v2 + k? + U(r))f(x, y, 2) = 0, 


widely used for the computation of low velocity elastic scattering cross-sections, in 
which (3)&? is the kinetic energy of the incident electron and (—}) U(r) is the inter- 
action energy of the atom and the incident electron including terms arising from the 
distortion of the atom by the field of the electron. The treatment is based on a wave 
function antisymmetric in the space-spin coordinates of all the electrons. A discus- 
sion of exchange interference and its application by Oppenheimer to supply a 
qualitative explanation of the Ramsauer effect. It is found that the exchange 
scattering amplitude as given by Oppenheimer requires modification. The modifica- 
tion greatly reduces the value of the exchange term in the elastic scattering amplitude. 
The tentative conclusion is reached that exchange interference is of minor importance 
in the complete explanation of the Ramsauer effect. A derivation of the relation 


J F*FdQ = 2wi/k(F(2/r) — F*(2/r))zra 


in which F(z /r) is the elastic scattering amplitude and {/F* Fd is the total scattering 
cross-section. A simple generalization of this relation for electron energies great enough 
to produce excitation. Development of a new method of solving the scattering equa- 
tion (V2+k2?+ U(r)) f(x, y, s)=0 and application to computation of scattering am- 


plitudes and cross-sections. 


BEAM of slow* electrons in a gas is gradually dissipated as a result of 

elastic collisions and consequent diversion of electrons from the beam. 
One type of scattering experiment measures the intensity of the scattered 
beam as a function of scattering angle; another the decrease in intensity of 
the incident beam and thus simply the total amount of scattering. The results 
are expressed in terms of an effective cross-section, a quantity which multi- 
plied by the intensity of the incident beam gives the intensity of scattering 
per unit solid angle as a function of scattering angle and electron velocity. 
The goal of a scattering theory is the calculation of this effective cross-sec- 
tion. 

Previous cross-section computations begin with the equation 


(V? + k? + U(r)) f(x, y, 3) = 0, (1) 


* By “slow” is meant that the kinetic energy W. of the electrons is not great enough to 
produce excitation. Atomic units of length and energy are used throughout the paper. 


40 














k 
Fe 
: 















eK 





SCATTERING OF SLOW ELECTRONS 41 


in which k2?=2W, and (—4) U(r) isa statistical electron atom interaction po- 
tential. f(x, y, z) is everywhere finite and for large values of r has the form 


ek? + (1/r)e~"'F(z/r), 


a plane wave traveling along the z axis plus a spherical wave, with amplitude 
F(z/r), scattered by the atom at the coordinate origin. The scattering cross- 
section per unit solid angle is then F*(z/r)F(z/r). Using (1) and suitable 
choice of the potential function Holtsmark and Faxen' have been very suc- 
cessful in explaining the Ramsauer effect. Allis and Morse? have recently de- 
veloped a simple method of solving (1) and with a rather crude approxima- 
tion to the interaction potential obtain fairly good agreement with experi- 
mental results for scattering in a number of gases and vapors. 

This paper presents in section 1 a method of treating the Schroedinger 
equation describing the interaction of electron and atom which leads, in first 
approximation, to an equation of type (1) for the scattering function, the po- 
tential including terms arising from distortion of the atom by the field of the 
external electron. In section 2 is a discussion of the exchange interference 
phenomena predicted by Oppenheimer.’ It is found that the exchange term 
as given by Oppenheimer requires modification. This modification greatly re- 
duces the magnitude of the exchange effect. An exact relation between the 
total scattering cross-section and the scattering amplitude in the direction 
of the incident wave is derived in section 3. A general method of solving (1) is 
developed in section 4. 


SECTION 1. DERIVATION OF EQUATION (1) 


Scattering in atomic hydrogen and alkali metal vapor. The scattering atom 
is represented as an eléctron in the potential field — V(r) of the core. The nor- 
mal state wave function u,(r7) is then a solution of the differential equation 


(V2 + 2W, + 2V(r))uy(r) = 0, (1.1) 


with W, energy level of the normal state. The wave function W(x, x2) for the 
complete system consisting of neutral atom and external electron is a solu- 
tion of the equation 


(Vi + V2? + 200, + WW) + V(r) + V(r2) — 1/1i2))W(a1, x2) = 0. (1.2) 


For simplicity of notation (x) is used as a symbol for (x, y, z). In seeking a 
solution of (1.2) we adopt a scheme employed by Slater‘ in the study of the 
helium atom. As a first approximation we assume that for every position rz of 
the incident electron the atomic electron has the same wave function as if 
the incident electron were permanently located at re. This yields a wave func- 
tion “;(x1, x2) for the atomic electron which is a solution of 


(v;? + 2W + 2V (rn) —_ 2/ri2)m4(X4, X2) = (. (1.3) 


'Faxen and Holtsmark, Zeits. f. Physik 45, 307 (1927). 
Holtsmark, Zeits. f. Physik 48, 231 (1928); 52, 495 (1928-29); 55, 437 (1929). 
2 Allis and Morse, Zeits. f. Physik 70, 567 (1931). 
8’ Oppenheimer, Phys. Rev. 32, 361 (1927). 
‘Slater, Proc. Nat. Acad. Sci. 13, 423 (1926). 
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In this equation 72 is merely a parameter. The energy W depends on r2 and is 
conveniently replaced by 

Wo = Wi — Elrs) + V(re). 


A first order perturbation calculation yields 


FE(re) = = fff Ny(7r1)(1 ri2)M\(r})dr, + V(r2). 


Higher approximations add a polarization term which outside the region of 
high charge density has the value +a/2re*. (a is the polarizability of the 
atom). The approximate complete wave function must then have the form 


Wi(Xi, Xo) = wy(x1, 2) fe(%2) & ua(xe, x1) fe(x1). (1.4) 


Both symmetric and antisymmetric solutions are admitted because we are 
treating a two-electron problem neglecting spin. Let 


V2" a ZW . + 2E(re) + fff 44(X4, X2)V 27m (X41, xX2)dr,, 
{ff 44(X1, ral (Weta x;) = 0)( Ze, X1) 
° fff 1 (X3, X1)¥ Pm ( x3, nara) f x1) + 20 111(X2, ni) afta [ars 


Inserting ¥(x1, x2) as given by (1.4) into equation (1.2), multiplying the re- 
sulting equation by ;(x1, x2) and integrating over (x,) space, there results 


L(2) 


g( Ye, f) 


Lfx(x) = F fff Wi(X1, v)u(x, ei) Lf.(xri)dri F g(x, fe). (1.5) 
The integral in the right-hand member may conveniently be labelled an “ex- 
change” term. The function g vanishes if the perturbed atomic wave func- 
tions are replaced by unperturbed functions. Thus it may be described as re- 


sulting from atomic distortion. With f(x) =) 02, f:(x) the method of succes- 
sive approximation yields 


Lfi(x) = Q, 
fff M1(X1, X)ua(x, Xi)Lfi(xi)dri F g(x, fi) 


g(x, fi), 
Lfs(x) = + Jf foc x)ui(x, xi)g(mi, fildri + g(x, fe) 


Lfx(x) = 


+1 


I 
+ 


_7 


Identifying U(r) with E(r)+(3) ff fui(xi, x)V2u (x1, x)dm, the equation Lf;(x) 
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=0 is identical with (1). At large distances from the scattering center f,(x) 
is to have the form of a plane wave plusa spattered wave. >>*,f;(x) represents 
an acditional scattered wave which however we may judge to be relatively 
small both from the form of g and from the success of calculations based on 
(1). It is clear that a procedure that neglects g must also neglect the “ex- 
change” term. The “exchange” term appears first in the third approximation 
and is somewhat smaller than, but comparable with g. (1.5) and (1) differ es- 
sentially in that (1.5) involves atomic distortion both in the potential energy 
and in the right-hand member while (1) takes distortion into account only in 
the potential. 
Scattering in the inert gases and in zinc, cadmium and mercury vapor. The 
atom is idealized as an outer shell of 2 or 8 electrons in the potential field 
— V(r) of the core. We introduce the convention that (1, 2, - - - , N; xo) re- 
presents the space coordinates of electron 0 and the space and spin coordinates 
of electrons 1,2, - : -, N. Also m(1, 2, - - - , N) with N =2 or 8 is the normal 
state wave function including spin and (1, 2, - - - , N; xo) the solution of 
the equation 


N N N 
( v2 + 2(W, = E(ro) + Vir) = 1 ru) u,(1,2,--- N:x 0) = 0 (1.6) 
1 


0 P 0 


for which m,(1, 2,---,N; 0)=m,(1,2,---,N) and 


7 f. . fuera, 2,° °° N53 yo)mai(i, 2,--- N53 xo)dri---dry = 1. 
spin 


In first approximation E(ro)=V (ro) —Dospins - -f)u(1, 2,---, ND) 
(1/| Yo.—Ye| dt, - - - dry. Higher approximations add a polarization term. The 
Schroedinger equation for the complete system is 


N N N 
(dre + 2(w, +Ww.t+ +Ve) -— ¥1 rs) )¥0, 1,---N)=0. (1.7). 
0 0 


0 








An approximate solution antisymmetric in the electron coordinates (includ- 
ing spin) is given by the sum of the functions obtained by cyclic permuta- 
5 tions of the coordinates in the function (1, 2, -- +, N; xo)f(x9)6(0) (6(0) 
; is the spin function for the external electron): 





(0, 1,--- MW) = m(1, 2, +--+ M5 x0) f(40)5(0) 
+ u(2, +--+ N, 0; xi)f(xi8(1) + +--+ u(0, 1, --- N — 15 xy)8(N)f(ay). (1.8) 


The antisymmetry of ¥ results from the antisymmetry of u in the first .V elec- 
trons and the fact that N is an even integer. Let 


L=V?+ 2W.+ 2E(r) 


+ + f. -* fora, 2,: °° N; x)V°m,(1, 2,---N; x)dr,--- dry, 
spin 
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2(Xo, f) = NV > 6(0)5(1) J ‘s fur, - oN; ro ttm, cians N, 0; xi) f(41) 
Spin 


+ 29 17,2, “oe? N, Q; x1) Vif(xy) -_ u,(2, ss N, 0: xy) f(xy) 


oF f. -@ fora 29 N’: xp)Vvem(l’, oe y": n)dn'-drs") 
spin 


-dt,-+-+dty. 


Combining (1.7) and (1.8), multiplying the resulting expression by w*(1, 
2,---, N; x ))6(0), integrating over the space coordinates (1, 2,---, NV) 
and summing over all spin coordinates, and finally applying the symmetry 
properties of « to simplify the result, we find 


Lf( xo) = 2( 3 i) es 4 fora, © ie ~N; Xo) Voi(1, ‘ns N; Xo)d7, eae dry) -Vof(xo) 
spin 


—N >28(0)6(1) f -s Jura, » +) My xo)iy(2, - > + .V,0; )Lf(ridri - - + dry (1.9) 
spin 


—g(Xxo, f). 


We are free to multiply m(1, -- +N; x9) by a factor e~%%o with y an ar- 
bitrary real function. Determining y so that the first integral on the right- 
hand side of (1.9) vanishes, (1.9) reduces to 


Lf(xo) = — N 358(0)6(1) 


spin® 
f vs ura, - ++ N35 xo)i(2,- +> NV,0; a) Lf(xidri - + + dry — g(x, f). (1.10) 


The discussion following Eq. (1.5) applies equally well here. Thus the problem 
of the validity of (1) is reduced to the problem of determining the order of 
magnitude of the distortion term g(x, f). The success of Holtsmark’s calcula- 
tions on argon and krypton indicates that g is small. If g is neglected there 
remains the problem of computing the atomic potential. Perhaps the best 
that can be done here is to follow Holtsmark’s procedure and fit more or less 
empirically a polarization term to the Hartree atomic potential. It seems rea- 
sonable to conclude that the use of equations of type (1) with proper choice 
of atomic potential for the description of electron scattering has considerable 
theoretical justification. 

Solutions of the form (1.8) may be used to describe electron scattering by 
any atom with an even number of electrons in the outer shell. The particular 
integral values N =2, 8 are singled out because they define singlet normal 
states. For odd values of N greater than 1 the analysis is somewhat more com- 
plex, but leads to scattering equations very similar to (1.10), differing only 
in the form of the right-hand member. 
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SECTION 2. UNPERTURBED ATOMIC WAVE FUNCTIONS AND 
EXCHANGE INTERFERENCE 


Atomic hydrogen and alkali metals. Let the exact solution of the two elec- 
tron scattering problem be written in the form 


(01, 2) = mi(ri) fe (x2) + wi(re) fe(41) + Re(xi, x2) (2.1) 


with R,(x, x2) a remainder term quadratically integrable in (x, x2) space. 
The condition [ff2(7:) Ri (x1, x2)d71=0 is required for the unique determina- 
tion of R and f. It is convenient to introduce the following definitions: 


(1 ‘r)) = ff feera r12)M,(r2)dT2, 


Vitn, re) = 2(V (r;) — 1/ /ry2), 


U(r) = ff foo re) V y(n, r2)uy(re)dt2 = 2(V(r,;) — (1/r1)), 


V(r, m2) = V (ri, re) — UY (r;) = 2 (1 ri, — 1, rie), 
L=V?+ k?+ U(r). 


Combining (2.1) with (1.2) and following the usual procedure of integrating 
over the atomic wave function there results 


Lfs(x1) = F u(r) fff Wy(r2)(L + Vol(re, r1))fz(x2)dr2 
' ' Jf fooco rioks (x1, X2)dTs. 


The physical interpretation of (2.2) is immediate. Thus; 


Lf(x,) —electron in static field of atom 


(11) fff uy(r2)(L + Vo(re, r:))f(x2)dr2 — electron exchange, 


2 fff ncrat/rak(as xe)dt, — 


reaction of distorted atom on the external electron. The orthogonality of u 
and R must help to reduce the importance of this last term. The scattering 
problem as treated by Allis and Morse? is founded on the equation Lf(x) =0, 
which implies complete neglect of exchange and atomic distortion. For the 
moment we neglect atomic distortion and study the equation 


Lfs(x1) = F u(r1) ff focoe + Vo(re, ri))fs(xe)dr2. (2.3) 


The simplest procedure for the approximate solution of (2.3) is to replace 
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fx(x2) in the right hand member by the plane wave e~*” which reduces (2.3) 
to 


(Vil + k*)fe(yy) = — Uri) fe(ai) F a(n) {ff U1(r2) Vy (re, r,)e7~***2d ro 


yielding the scattering amplitude 


= (1, wf po reo” [Vari re)ti(re) fs (ay) 


+ Vi(re, ri)ay(rie~'* |dridr2 (2.4) 


which may be further simplified by substituting e~'** for f(x:). This is just 
the cross-section found by Oppenheimer® and evaluated by Massey and 
Mohr.’ In words a simple approximation is substituted for f, (x2) and the ex- 
pression (L+ V2(r2, 7) )fs(x2) is then evaluated. But this procedure is subject 
to the fundamental criticism: Z contains a differential operator and therefore 
Lf is very sensitive to our choice of f. A slight change in f(x.) may lead to an 
entirely different final result. The following argument makes the criticism ex- 
plicit and conclusive: We write f(x) =>>%,f:(x) and’ solve (2.3) by succes- 
sive approximation with 


Lfi(xi) = 0, 


Lfs(xi) = F u(r) {ff ui(re)(L + Vo(re, r1))f(x2)dr2, 


Lfisi(x1) = + 1, (11) {ff Wi(r2)(L 4. Vo(re, r1))fi(x2)dre. 


Lfo(xy) = F u(r) fff W1(r2)Vo(re, ri) filx2)dre, 
ff fucotscoer = + Jf fuconcs Jf fucorees r1),(r1)dr\dr2 
= #2 ff mcrapcen (tyre) — (1/re))dr2 


plas) = Flr) ff f mlryValrs rd) filedar 


and by induction 


Lfizi(ai) = F mi(r1) ff fucorees ri) fi(xe)dre. 
falar) = Fulr) f ff nlrdValrs rfe(adare 


5 Massey and Mohr, Proc. Royal Soc. A132, 605 (1931). 
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and the scattering amplitude is 


F ,(z/r) = 1, tr [ es J ratrderreorn (Walt ro) y(r2) f+ (41) 


+ Valre, ri)aa(rs)fe(e) |dridrs. 


The first integral represents direct scattering of the external electron; the 
second scattering by an exchange in which the external electron enters the 
atom and the atomic electron is scattered. This result differs from (2.4) es- 
sentially in the replacement of Vi(r2, 71) by Ve(re, 71) in the exchange term, a 
substitution which greatly reduces the value of the exchange integral. For 
atomic hydrogen with f replaced by e~‘*? the exchange scattering amplitude 
in (2.5) is only } as large as in (2.4) and 3 times as large as the direct scatter- 
ing amplitude which is the same in both expressions. 

The method which leads to (2.5) is quite general, although rigorous only 
for one electron systems with neglect of atomic distortion, and applies in par- 
ticular to the inert gases, zinc, cadmuim and mercury. For helium the scat- 
tering amplitude for collisions which raise the atom from normal state 1 to 
a singlet state s is 


(2.5) 


(1/42) f lls futer x2)et%eree08(r0.7) (Vi (r9, Yi, ro)uy(X4, x2) f1( 2X9) 


= V2(re, Ti, ro) U(X, xo) fi( x2) |drodridre 


and for a collision leaving atom in a triplet state ¢ 


(2.6) 


(1/42) f. . a exer xe)et*erves (roo Vo(ro, ry, ro)ti( xi, Xo) fi(x2)drodridr2 (2.7) 


in which 
u, is symmetric wave function of singlet state s, 
v, is antisymmetric wave function of triplet state ¢, 


UJ (To, 71, r2) = 4/ro — 2/ra — 2; 2) 


Vo(ro, 71, r2) = Vilro, m1, v2) — f. J tes X4)Vilro, 73, ra) Mi(xs, Xa)drsdt, 


=4 f w- J mrs x4) (1/ro3) 11 (x3, x4)dr3dt4—2/ro1— 2/ Toe, 


fi is the scattering function for elastic collisions, 
k? = 2We-+ Wi - W)). 


Thus the work of Massey and Mohr’ on singlet and triplet excitation 
probabilities in helium requires modification. This modification is simply the 
replacement of V(r, 71, 79) in the exchange integrals by Vo(re, 71, 70). A rough 
calculation shows that below the resonance potential the exchange scattering 
amplitude for elastic collisions is only 1/3 as large as the corresponding quan- 
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tity computed from Oppenheimer’s scattering amplitude and yields a distri- 
bution in angle in much better agreement with the experimental results of 
Bullard and Massey.® Possibly the difference is smaller for inelastic collisions. 

Oppenheimer’ finds in the destructive interference of direct and exchange 
scattering amplitudes a qualitative explanation of the Ramsauer effect, i.e., 
the occurrence of a minimum in the scattering cross-section for very slow elec- 
trons. This qualitative explanation would appear very attractive were it not 
for the success of calculations based on (1). But the exchange scattering am- 
plitudes for hydrogen and helium are much smaller than all previous con- 
siderations would indicate. Going from hydrogen to helium the ratio of ex- 
change scattering amplitude to direct scattering amplitude falls from 3/1 to 
3/2. For all atoms with atomic number greater than 2, the real and imaginary 
parts of the wave functions, plotted in phase space, will show regions of al- 
ternating positive and negative value. In general, the number of alternations 
in sign will increase with increasing atomic number. Merely because of this 
alternation in sign, the relative value of exchange and direct scattering am- 
plitudes should decrease along the series helium, neon, argon, krypton. We 
must then tentatively come to a conclusion in harmony with the results of 
calculations based on (1): exchange interference is of minor importance in the 
complete explanation of the Ramsauer effect. It must be remembered, how- 
ever, that the position and height of minima in the distribution in angle curves 
may depend markedly on small quantities which contribute very little to the 
total cross-section. 

Returning to equation (2.2), the neglect of atomic distortion is a doubtful 
procedure because of the large polarizability of the alkali metals. The writer 
has in preparation a paper in which the remainder term R.(x,, x2) is computed 
by simple approximate methods. It is to be expected that the inclusion of 
atomic distortion in the calculation will lead to a smaller difference between 
symmetric and antisymmetric solutions than is implied by (2.5). 


SecTION 3. A FUNDAMENTAL RELATION 


Independent of the detailed structure of the scattering system there exists 
an exact and general relation connecting the total scattering cross-section, 
J {F*(s/r) F(z,r)d Q, with the scattering amplitude in the direction of the inci- 
dent beam. This relation is 


| [rveae = (2ri/k)(F(2/r) — F*(z/r)), with 2/r = 1. (3.1) 


Proof: Conservation of charge in a region G bounded by a surface S is ex- 
pressed by the equation 


ffi lfy i fff ove — Wo*)dr + -- ars} dS, 


® Bullard and Massey, Proc. Royal Soc. A133, 637 (1931). 
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+ Sf SS -° ff forvw — Wiw*)drodte - - - ary} -dS, 
PPL LPP Lf force — veoprdes dev} asy = 0 


For ro large and the other coordinates of atomic dimensions y degenerates 
into the product of a normal state wave function (1, - - - , N) for the atom 
and the scattering function f(x .)6(0). Hence yw can be written as a sum of 
terms of the form +(1, - - - , N)f(xo)6(0) obtained by permutation of co- 
ordinates plus a remainder term R(0, 1, - - - , N) which is quadratically in- 
tegrable. With G a sphere centered at the origin, 


wt EPA IIS Sf fies seat ah as 

wen EU S.flore msm 4) 
J free — fVof*)-dSo 

Limit f i) (f*af/ar — faf*/ar)rdQ. 


By (3.2) 


(3.2) 


Il 


Limit Sf (f*df/dr — faf*/dar)r2dQ = 0. (3.3) 
For large values of r 
f sae~** + e—***(1/r)F(z/r), 
ftaf/ar — faf*/ar = — iks/r — ikF*F /r? 
— (ik/r)(1 + 2/r)(e® 0-2 F* 4+ eH ik) P) 
+ (1/r?)(ei*C-2F* — e-ik(r-) PK) 
+ terms in 1/r*. 


The intensity of the incident beam is proportional to k and intensity of the 
scattered beam to kF*F/r*. Integrating over the surface of a sphere of radius 
r, we have 


J f (ftaf/ar — faf*/ar)r'dQ = — 2ik f f F*FdQ 


— ikr Jfo + 3 ‘v)(etk(r-2) F* + e~*k(r-2) FY dQ 


+ higher order terms. 
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Now 
— ikr [fa + 2/r)(e'® FF + eH ik) F) dQ 


a a 
=2r f (1 + s)( F*—eitrt- —F— eit) ) ds 
ot Os Os 


=4da(l*(s/r) — F(s/r).y-<1 + higher order terms. 


These results combined with (3.3) yield 


[ [era = (lri/k)(F(3/r) — F*(5/r))ztrea. 


Thus it is sufficient to compute the value of F in the direction of the incident 
beam in order to find the total scattering cross-section. The physical inter- 
pretation of (3.1) is simply that the scattered current is taken out of the inci- 
dent beam. This occurs without decrease in the intensity of the incident beam 
because the infinite plane wave of finite amplitude represents an infinite elec- 
tron current. 

A simple generalization of (3.1) exists when the incident beam possesses 
sufficient energy to excite upper levels, but not enough for ionization. The 
cross-section for inelastic collisions must be added to the left-hand member. 
The right-hand member is unchanged. In this way the total scattering cross- 
section is expressed as a simple function of the scattering amplitude for elastic 
collisions. 


SECTION 4. A METHOD OF COMPUTING THE SCATTERING FUNCTION 


We have for solution the differential equation 
(A? + ke + U(r) p(x) = — Ulrje™™, (4.1) 


derived from (1) by the substitution f(x) = p(x) +e7‘*, in which 
Limit 7?U(r) =0. 
Limit rU(r) =constant 40, 
subject to the boundary conditions: 
p(x) everywhere finite, 
p(x) se-**"(1/r) F(z/r) for large values of r. 

All the difficulties of solving (4.1) arise from the potential term U(r) in 
the differential operator. For sufficiently high electron velocities A?+?+ 
U(r) is replaced by A?+?, an approximation not permitted in the velocity 
range considered in this paper. We follow a well-known procedure and intro- 
duce a function G(r) with the following properties: 


(A? + k? + U(r))G(r) = 0, 


Limit 7°G(r) =0, 
Limit r°dG/dr=—1, 
Limit rG(r)e'*"=constant. 
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Then 
G(ri2)(A2® + k? + U(r2)) p(x2) — p(x2)(Ae? + k? + U(re))G(riz) (4.2) 
= — G(ri2)[U(re)e7#** + p(x2)(U(r2) — Uri) | (4.2) 
= Ao: [G(ri2)Asp(x2) — p(x2)AsG(riz) | ~ 
and 


p(x) = (1/47) Jf fecowere a p(x2)(U (re) — U'(ri2)) | dre, (4.3) 


an integral equation for the unknown function p(x). In deriving (4.3) a sur- 
face integral was discarded which may be written 


Limit r2? J [leersrapces) Or, — p(x2)6G(r12) drs |dQ. 


As a result of the boundary conditions on G and p the integrand vanishes 
with the inverse third power of r2 and the value of the limit is zero. 

We require a proof that there exists a function G(r) with the stated prop- 
erties. Assume G(r) =2(r, k)(1/r)e~**" with v(0, &) =1 and limit rdv/dr=0. 
v(r, k) is then a solution of the differential equation 


(d2/dr? — 2ikd/dr + U(r))o(r, k) = 0. (4.4) 


This is readily transformed into the integral equation 
o(r, k) = v(@, k) + (1/2ik) f (1 — e2*O-)U(r')o(r’, bdr’ (4.5) 


which may be solved by the method of successive approximation with the re- 
sult 


o(r, k) = (0, OE + (1/2i8) f (1 — ek?) U(r )dr’ 


+ (1/218) f (1 — enue u(r) f (1 — eB’) U(r" \dr"dr’ (4.6) 


+0] 


By (4.6) 
| o(r, k)| S| o(@, &) | E + J r'U(r')dr’ 


+ i) r’' U(r’) f r' U(r’ )dr''dr' + ++ | 


v(o0, k) | exp[f°r’u(r’)dr’ | 


and therefore 


| o(r, k)| s 





Thus the series (4.6) is absolutely convergent uniformly in r and k. v(, k) is 
defined by the boundary condition v(0, k) = 1 or by the equation 
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+ (1 ain? fic — ¢~2kr) U(r) f (1 — e@*rmr) U(r’ )dr'dr + +--+. (4.7) 


Clearly v(*% , k) can never vanish and provided only that 7(*, &) is finite, the 
function v(r, k)(1/r)e~‘*" possesses all the properties required of G(r). 
(4.3) now becomes 


p(x1) - (1 ‘4a) fff 2(rie, k)(1/rya)e**r | U (ra) e7 * 


(4.8) 
+ p(x2)(U (re) —l (r12)) |dro. 


This yields immediately the exact value of p(x) at the origin. For with 7, =0 
the factor (U(r) — U(nme)) vanishes leaving 


poo) = (1/4e) ff fo, MANU G ear 


x 1 2 
= a) f rU(r)o(r, Hf e~*kr(l+s)dsdr (4.9) 
0 -1 


(1/2ik) J (1 — e?'*r)U(r)o(r, k)dr 
= v(0©, k) — 1. 
and at the origin the scattering function f(x) has the value 7(*, k): 


f(0) = 1+ p(0) = (2, &). (4.10) 


The scattering amplitude is 


F(z/r) = (1/41) Lf fermorlenat p(xi)|U(n)dry. (4.11) 


p(x:1) appears under the integral on the right multiplied by a factor U(r) 
which possesses a pole of the first order at the origin and decreases quite 
rapidly for large values of 7;. Thus an approximation to p(x) highly accurate 
in the neighborhood of the origin is essential for the computation of the scat- 
tering amplitude. If p(x) is small compared to unity at the origin the term in 
p(x1) may be neglected and there remains just Born’s’ first order scattering 
amplitude which agrees very well with experimental results down to sur- 
prisingly low velocities. From (4.9) the condition for the validity of the Born 
first order scattering amplitude is 


|o(o, k) —1] < <1. (4.12) 


In (4.7) both real and imaginary parts of 1/v(*, k) are given by series of al- 


? Born, Zeits. f. Physik 38, 803 (1926); Goett. Nach. 146 (1926). 
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ternating positive and negative terms and provided that the absolute value 
of the first integral is less than unity, the successive iterated integrals de- 
crease steadily in absolute value. (4.12) is then satisfied when 


fea — eit) U(r)dr| < k. (4.13) 


For atomic hydrogen and helium 
U(r) = (2Z/r)e~**"(1 + ar), 
Z=1, a=1 hydrogen, Z=2, a=27/16 helium. The evaluation of (4.13) 
yields 
Z?|(a/(a® + k*) + (2/k) tan! (k/a@))? 
+ (k/(a® + k*) + (1/k)lg (1 + k?/a?))*] S 1 (4.14) 


and the Born first order scattering amplitude is valid in the energy range W, 
=> 200 volts for hydrogen, W,2400 volts for helium. Below these energies 
p(x.) cannot be neglected in the evaluation of (4.11). 

We rewrite (4.8) in the form 


p(x) - (1 4) Jf feeateere + f(x2)(U(r2) — U (ris) |drs 


which suggests the approximation 


(1 4r) nD 
" wen IIS —_—— (4.15) 


(v(o, k) — I)e 


pi(x1) 


valid for small values of r; and accurate at the origin. With this approxima- 
tion for p(x) the scattering amplitude becomes 


F(s/r) = [v(, k)/4r] Jf ferorer-evenan, (4.16) 


again the Born first order scattering amplitude except for the multiplying 
factor v(x, k). The distribution in angle predicted by the Born formula 
is then valid for electron energies smaller than calculated from (4.14), in agree- 
ment with experimental results. It is to be expected that the total cross- 
section computed from (4.16) will agree with experiment over a wide range 
of electron energy than does the distribution in angle. Further investigation 
of the function v(x, k) is necessary. 

In conclusion the writer wishes to record his indebtedness to Professor E. 
C. Kemble for much encouragement and many helpful suggestions and criti- 
cisms and to Harvard University for the award of a Parker fellowship which 
makes possible the continuation of this work. 
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Note added in proof (supplementing section 2): 


(2.6) has been evaluated for elastic collisions using an analytic approxima- 
tion to f;. The results are in qualitative agreement with the measurements of 
Bullard and Massey® and Ramsauer and Kollath (Ann. d. Physik, vol. 12, 
no. 5, 1932). A careful solution of the helium exchange scattering equation 
by numerical integration is in progress. Incomplete results indicate quantita- 
tive agreement with the measurements of Ramsauer and Kollath. The gen- 
eral effect of including exchange is to greatly increase the variation of scatter- 
ing intensity with angle. For the other rare gases, neon, argon, krypton, ex- 
change is small and becomes important only in the neighborhood of the 
cross-section minimum. The theory predicts for sufficiently low velocities a 
scattering intensity symmetric about the direction of right angle scattering. 
The scattering intensity does not tend toward spherical symmetry with de- 
creasing electron velocity. These effects arise from the presence of p electrons 
in the scattering atom. The series of argon curves in the work of Ramsauer 
and Wollath strikingly exhibits both effects. A derivation and discussion of 
the exchange scattering equations for the rare gases together with calcula- 
tions for helium will appear later. 
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ABSTRACT 


The electronic structures of a number of molecules and ions (H2O, NH3, CH,, CF,, 
Cl,, ClO.-, SO, ClO;-, SOs", CO:, and others) are briefly described in terms of 
one-electron wave functions; other molecular types are easily described in a similar 
way, and will be discussed in later detailed papers. Many valence phenomena can 
be understood using these wave functions and a simple rule based on the Pauli 
principle. 


HE electronic structures of polyatomic molecules can probably best be 

understood by expressing them in terms of one-electron wave functions. 
The forms of these are conditioned by the symmetry of the molecule, which 
is that given by the arrangement of the nuclei. 

Following are the electron configurations of a number of simple hydrides 
with ten electrons: HF, OH~, 1s? 2s? 2p0? 2p7*; HoO, NHe~, 1s? 2s? 2pa*® 2pb 
2pc?; H30+, NHs, 1s? 2s? 2p[r]* 2p[o]?; NH,*, CHy, 1s? 2s? 2p*. The order in 
which the symbols are written is that of decreasing firmness of binding. The 
2s and 2p types, more or less modified, of course, always remain distinct; the 
2p type does not split up in the case of regular tetrahedral symmetry (CH,), 
splits into two types ¢ and 7 in linear molecules (HF) or into a different but 
somewhat related pair of types [7] and |c] in molecules having the symmetry 
of a trigonal pyramid (NHs3), and splits into three types when the symmetry 
is that of an isosceles triangle (H,O). The amount of splitting corresponding 
to each kind of molecular symmetry can be easily determined by group 
theory methods.' The results just stated are based on the kinds of symmetry 
empirically known for the nuclear configurations in H2O, NHs3, and CHg. 

' Empirical data on the energy of formation of each of the molecules HF, 
H,O, NH3, CH, from their atoms indicate that the tetrahedral arrangement 
of the hydrogen nuclei, combined with the one-electron wave functions 
adapted thereto, gives a relatively high stability: the energies of formation 
per hydrogen atom, in kilocalories, are about 148, 110, 87, and 91 for HF, 
HO, NH3, CHy. The value for CH, is higher than one would get by an extra- 
polation from the other values. A theoretical reason for this may probably 
be found in the form of the wave functions. In CH, the four H nuclei are em- 
bedded in the wave functions of the six equivalent modified-2 wave func- 
tions and to a somewhat less extent in those of the two 2s wave functions. 
All these wave functions, of course, correspond to “representations of the 
tetrahedral group”, i.e., have symmetries of a tetrahedral type. The present 


1 Cf. H. Bethe, Ann. d. Physik [5], 3, 133 (1929). 
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explanation of the structure and stability of CH, in terms of one-electron 
wave functions seems at first sight not closely related to that given by 
Pauling? and Slater.’ The zeroth order wave functions which they use do 
indeed indicate that tetrahedral symmetry should give high stability, but it 
seems doubtful whether their wave functions are the most appropriate ones 
(cf. note added in proof, below). 

With the triangular pyramid arrangement as in NHs, the three H nuclei 
are embedded in the four 2p|7]| and to a lesser degree in the two 2s wave 
functions. But the two 2p|ea| electrons in NH; avoid the region of the H 
nuclei, and as a result are relatively loosely bound and reduce the energy of 
formation of the molecule. Direct evidence of these electrons in NH; is given 
by the low ionization potential of this molecule, which is 11.1 volts. CH,, 
on the other hand, has an ionization potential of 14.5 volts. One may predict 
roughly that ionization of a 2p|z] electron of NH; would take 15 volts, and 
of a 2s electron 23 volts in CH, and 25 volts in NH;. Many features of the 
chemical behavior of NHs, e.g., the formation of NH,*, BCl;- NH3, Cu** 
(NHs3),, are reasonably interpreted as conditioned by the stabilization of the 
two loosely bound 2p|a] electrons of NHs under the influence of an additional 
nucleus, giving relations somewhat closely related to those for tetrahedral 
symmetry. 

For the ionization potentials of H.O the following rough estimates may 
be given: 2pc, 13.2 volts (observed); 2pb, 2pa, 16 and 17 volts; 2s, 30 volts. The 
2pc type in H.O is relatively loosely bound like the 2p[o | in NHs. 

Among the molecules or “radicals” related to the foregoing, but contain- 
ing fewer electrons, there is interesting experimental evidence concerning 
CH,*, CH;, CH;*. The energy of dissociation of CH, into CH;s+H is per- 
haps roughly 120 kilocalories, or at any rate much more than the average 
value 91 kcal per H atom for C+4H-—-CH,. Probably the CHs; radical is 
pyramidal like NH, with an electron configuration 1s? 2s? 2p|r|* 2p|a], the 
2p|o]| electron making it relatively unstable. Taking 5.2 volts (#20 kcal) for 
CH,—-CH;+H, and using the result of Hogness and Kvalnest that CH;* ions 
are produced from CH, at 15.5 volts (CH,-~CH;*+H-+e), while CH,* ions . 
are produced at 14.5 volts, one gets 10.3 volts for the ionization potential 
of CHs;, a result in harmony with the above interpretation. When CH; mole- 
cules unite with other atoms or radicals, as in C2:H,» or CH;Cl, the loosely 
bound 2p|o] electron becomes firmly bound by being shared with another 
nucleus which at the same time shares an electron with the CH; radical. Thus 
there is formed an “electron-pair bond”. The stabilization of the 2p|c]| 
electron here is similar in nature to that effected when NH; forms NH,* or 
unites with BCl;, although in terms of conventional valence theory the two 
latter processes are quite different from the present one. 

More complicated molecules can be treated by extending the methods 
used above. The following additional valence rule, with which the preceding 


2 L. Pauling, J. Am. Chem. Soc. 53, 1367, 3225 (1931). 
3 J. C. Slater, Phys. Rev. 37, 481; 38, 325, 1109 (1931). 
‘ Phys. Rev. 32, 942 (1928). 
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results also are in harmony, is needed: Every nucleus in a molecule tends to 
be surrounded by an electron density distribution corresponding to some 
stable electron configuration having a total charge approximately equal to 
or somewhat exceeding the charge of the nucleus; the electron density dis- 
tribution as a whole, and the individual wave functions, have symmetries 
adapted to the configuration of nuclei surrounding the given nucleus. By 
“stable configuration” is meant a set of wave functions completely occupied 
by electrons (i.e., a set of closed shells) and of such type that further electrons 
could go only into wave functions of distinctly higher energy,—usually of 
higher quantum number, from the point of view of the central nucleus. The 
truth of the first part of the rule follows at once from the fact that for the 
electrons in the neighborhood of every nucleus in a molecule the Pauli ex- 
clusion principle makes effectively nearly the same requirements as for 
electrons in an isolated atom. 

This simple rule, together with the energy-decrease which is normal when 
a bonding electronic wave function is brought near an incomplete atom, 
suffices to give a qualitative explanation of molecule-formation and of the 
ordinary numerical aspects of valence (combining ratios), and covers polar 
and non-polar valence under a single viewpoint. The first part of the rule is 
in most respects merely a somewhat generalized re-statement in present-day 
quantum language of the familiar rules of Lewis and Langmuir (cf. especially 
the “octet”-forming tendency emphasized by these authors). Essentially this 
same principle has been used earlier by Dunkel’ and others and still earlier 
but rather less definitely by Knorr.® Dunkel’s results on electron configura- 
tions in polyatomic molecules are more or less similar to and in some cases 
the same as those obtained here. Knorr’s results on valence phenomena are 
also in many respects similar to the present. 

The principal novelty in the present viewpoint in regard to molecular 
structure, aside from the consideration of the effect of the symmetry of the 
molecule on the wave functions, consists in the following: in general no at- 
tempt is made to treat the molecule as consisting of atoms or ions. Attempts 
to regard a molecule as consisting of specific atomic or ionic units held to- 
gether by discrete numbers of bonding electrons or electron-pairs are con- 
sidered as more or less meaningless, except as an approximation in special 
cases, or as a method of calculation. It is believed that the main physical 
content of the assumption that a molecule consists of specified atoms or ions, 
or even of a quantum-mechanical hybrid of several different sets of these, 
could better be expressed in terms of electric moments. A molecule is here 
regarded as a set of nuclei, around each of which is grouped an electron con- 
figuration closely similar to that of a free atom in an external field, except 
that the outer parts of the electron configurations surrounding each nucleus 
usually belong, in part, jointly to two or more nuclei. The electron configura- 
tion surrounding each nucleus can be described to a good approximation 
with reference to that nucleus in terms of its own set of electronic quantum 


> Dunkel, Zeits. f. phys. Chem. |B] 7, 81; 10, 434 (1930). 
6 Knorr, Zeits. f. anorgan. Allgem. Chem. 129, 109 (1923). 
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numbers or one-electron wave functions. In the case of shared electrons, the 
same wave functions may be given quite different approximate formulations 
or descriptions from the points of view of different nuclei. The procedure just 
outlined is useful for a qualitative understanding of many features of chemi- 
cal valence, especially combining ratios and valence saturation. A more 
accurate and detailed method of dealing with shared electrons is to make use 
of one-electron wave functions whose effective domains embrace more than 
one atom. 

The molecules CF; and Cl, will serve as illustrations of both methods. 
Presumably the arrangement of the nuclei is tetrahedral as in methane. 
First let us consider CFy. The electrons immediately surrounding the carbon 
nucleus in all probability constitute, from the latter’s point of view, a set of 
closed shells 1s? 2s? 2p*, the one-electron wave functions being much like 
those in methane. Other electrons in the molecule, namely, those specially 
attached to the fluorine atoms, perhaps function from the point of view of 
the carbon nucleus as 3- or 4- quantum electrons. Their connection with the 
carbon nucleus is, at any rate, very remote. 

Now considering the electron configuration from the point of view of a 
fluorine nucleus, the electrons immediately surrounding the latter undoubt- 
edly constitute a set of closed shells 1s? 2s? 2p", while other electrons are too 
distant to be of much importance. From the point of view of the electrons 
near one F nucleus, the rest of the molecule (approximately CF3) sets up a 
field of force which is nearly symmetrical around the F-C axis, although 
strictly speaking it has symmetry like that in NH; or better, as in CH;F. 
This field causes a splitting of the 2p° group of the F nucleus in question into 
2pla |? 2p|z}*, of which 2p|a|? is shared with the C nucleus. In fact the four 
pairs 2p|o |* belonging to the four fluorine nuclei are all shared by the carbon 
nucleus, which regards these same electrons as constituting its own outer 
shell 2s? 2p’. 

The complete molecule may now be approximately described as consist- 
ing of 1s? close to the C nucleus, 1s?2s?2p|z |! near each F nucleus, and eight 
shared wave functions. (Strictly speaking, the fluorine types 1s, 2s, 2p[z] 
each split up as a result of “resonance” interactions, but for most purposes 
this effect can be neglected.) Each of the shared wave functions surrounds the 
C nucleus and reaches out to and around each F nucleus. Two of them cor- 
respond approximately to a linear combination consisting to the extent of 
perhaps about 50 percent of a tetrahedralized but uncombined 2s carbon 
wave function plus 12} percent each of four uncombined 2p|a| fluorine wave 
functions. The other six consist of similar combinations of tetrahedralized 
uncombined carbon 2 plus uncombined 2p|¢| of the four F atoms, probably 
with the latter predominant, corresponding to the strong tendency of the F 
to be F~. The resulting wave functions are largely concentrated in the regions 
between the C and the F nuclei and so are acceptable to the various nuclei as 
parts of their outer shells, at the same time being very effective in producing 
chemical binding; only a small fraction of the density is behind the F nuclei or 
(in the 2s type) too close to the C nucleus to be effective. Although eight 
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electrons, of two types, take part in the binding of each F atom, only about 
two of these on the average are in action at any one instant between the C 
and any one F. It is these two electrons which, in spite of the fact that they 
belong to two types different in energy and one contributing about 3 electron 
and the other 13 electrons on the average, are regarded by the F nucleus as 
fairly satisfactorily representing its shell of two 2p|o* electrons. 

In the molecule Cl,, the much weaker electron affinity of the I atom very 
likely has the following results: (1) two of the shared wave functions are 
such as might be formed from say possibly 88 percent of carbon 2s and only 
3 percent each of the iodine 5p|o|’s, i.e., the carbon nucleus shares its 2s 
electrons very little; (2) the other six shared wave functions are such as 
might be formed from say possibly 50 percent of carbon 2p. Thus the four 
halogen atoms in Cl, are held practically by about six electrons, instead of by 
about eight as in CF,. This causes Cl, to be chemically relatively unstable. 

The electronic structure of such groups as BFy~, SO,=, ClO, is doubtless 
of the same type as that of CF, and Cly. Each O nucleus in SO,;= and ClO; 
shares two electrons which from its point of view are 2p|o], these eight elec- 
trons functioning at the same time as (tetrahedralized) 3s°3p* for the S or Cl 
atom. In the groups SO;> and ClO ;~ only six electrons of the expected shell 
3s°3p* of the central nucleus can be shared, otherwise the 2-quantum oxygen 
shells would be more than filled. Now SO;> and ClO;~ have a pyramidal 
structure,’ hence the group 3p*° must be subdivided into 3p[z]'3p|o|?, with 
the |o| type less firmly bound than the |] (cf. discussion of NH; above). 
Doubtless the two 3p|a| electrons, whose wave functions avoid the vicinity 
of the O nuclei, are the unshared ones, while 3s°3p|z]|* describes the shared 
electrons from the viewpoint of the central nucleus. From the viewpoint of 
the O nuclei, these same six electrons function as three pairs of 2p|a] elec- 
trons, one pair for each O nucleus. The existence of the unshared 3p|q | elec- 
trons is in harmony with conclusions of Zachariasen.’ 

The electronic structures of many other types of molecules can be de- 
scribed with some confidence by proceeding according to the methods il- 
lustrated above. These will be discussed in forthcoming more detailed pub- 
lications. A beginning has been made for some of these in a recent article.® 
Other authors, especially Hund and Herzberg, have also been attacking the 
problem from more or less similar viewpoints. One more example, that of the 
CO. molecule, will be given here. This illustrates particularly well the use- 
lessness of trying to decide whether molecules are composed of atoms or ions 
and in what states. The examples already given also illustrate the same 
point, but are more complicated. 

It is now generally accepted that CO: is a linear molecule. Hence its 
electrons can be classified, like those of a diatomic molecule, asa, 7, 6.... 
Since COz is diamagnetic, its normal state in all probability has a configura- 
tion of closed shells. Consideration of available evidence makes it probable 
that there are two closed shells (z*) of z electrons. Hence the complete electron 


7 Cf. W. H. Zachariasen, J. Am. Chem. Soc. 53, 2123 (1931). 
5 R. S. Mulliken, Chem. Reviews 9, 347 (1931). 
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configuration is of the type o°a°0*e°o"o"o"*r'm'.Consideration of the available 
evidence, and application of the valence rule stated above, according to 
which each nucleus tends to be surrounded by what from its point of view is a 
closed shell, leads to a rather definite description of the wave functions. They 
may be approximately described by writing the electron configuration as fol- 
lows: 


(1s)*o(1s)"o0(1s)*6(2)%0(25)*0(6)*e_0(¢)*e_o(@2 p)4c_o(4* 2p) 40. 


The first six electrons are essentially 1s electrons of the O and C atoms, the 
next four,—which might also be written (¢2s)*(o¢*2s)*?,—are slightly modified 
oxygen 2s electrons. All these are non-bonding electrons or nearly so (strictly, 
o2s are somewhat bonding, o*2s somewhat anti-bonding). Next come eight 
bonding electrons (four o and four 7), enough to give two bonding pairs be- 
tween the C and each ©, in agreement with conventional valence theory. 
Finally there are four non-bonding (or slightly anti-bonding) 7 electrons 
which remain near the © nuclei. The two pairs of o@ bonding electrons have 
wave functions which are concentrated mainly around the C nucleus and, 
especially, between the C and the O nuclei, while the 7 bonding electrons are 
concentrated mainly between the C and the two O’s, half on the side of each 
Q. From the point of view of the carbon nucleus the two o* pairs represent 
2s°*2 po* while the 7' group represents 2pz7', so that the carbon nucleus has a 
complete Z shell. From the point of view of either O nucleus, about half of the 
electron density represented by the bonding electrons o’¢?7* is near enough 
to it to count as belonging to its L shell, and counts as 2po*2p7*. The addi- 
tional 2pz* necessary to complete the L shell is represented by that half of the 
electron density corresponding to(7*2p)! which is near the nucleus in question. 
This picture of the wave functions is exactly what one would get by pushing 
two O= ions up against a C+*** ion, but it is equally what one would expect 
from 20~-+C**, or 20*+C>=, or 20+C. Nevertheless it is foolish to try to 
think of the molecule as consisting of any one of these sets of ions or atoms. 

The writer is indebted to Professors C. Eckart and J. H. Van Vleck for 
helpful suggestions. 


Added in Proof. Further consideration indicates that the present method 
gives results which are usually essentially in agreement with those of Pauling 
and Slater, but that it goes considerably farther. Hund also has developed 
the method of molecular one-electron wave functions and has obtained impor- 
tant results.” He has not, however, as yet paid much attention to the matter 
of finding wave functions having the proper symmetry with respect to the 
nuclear configurations. Recently'’ he has expressed the conclusion that the 
Pauling and Slater method of electron-pair “localized bonding” is a poorer 
approximation than a method like the present one, but nevertheless a very 
valuable approximation corresponding rather well to the conventional elec- 
tron-paid bond theory of homopolar valence. In the writer’s opinion, the pres- 
ent method gives the possibility of going behind conventional valence theory 
°F, Hund, Zeits. f. Physik 73, 1 (1931). 
10 F, Hund, Zeits. f. Physik 73, 565 (1932). 
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and understanding both the rules and the exceptions together, and further- 
more is well adapted to intermediate cases, e.g., cases on the border-line be- 
tween homopolar and heteropolar valence. The present method also goes 
beyond that of Slater and Pauling in its ability to deal with spectroscopic 
terms and ionization potentials. 

In the case of molecules like NH; and ClO;~ having the symmetry of a 
trigonal pyramid, the wave functions above called s and pla] both belong to 
the same representation of the symmetry-group. |This particular symmetry- 
group has not been considered by Bethe.] A consequence, overlooked in the 
discussion given above, is that the true molecular wave functions must cor- 
respond to (perturbed) linear combinations of s and plo]. If one should take 
equal parts of s and pla], the resulting zeroth approximation wave functions 
may be written as (s— p|a]), concentrated largely on the opposite side of the 
N or Cl nucleus from the three H or © nuclei, and (s+ ple]), concentrated 
near the plane of the three H or O nuclei. The (s+ pla]) type is well suited 
to share with the p|z| type in binding the three H or © nuclei, while the 
(s—plo]) type avoids the neighborhood of all the nuclei, and agrees well 
with Zachariasen’s conclusions as to the unshared pair of electrons in ClO; 
and similar molecules.’ This unshared type is, however, extremely well 
suited to the formation of a new bond with an additional atom to form a 
structure of approximate or exact tetrahedral symmetry, e.g., ClO,;~ from 
ClO,” or CH;Cl1 from CHs. 

Actually, of course, because of the difference in energy between s and p 
in the unperturbed central atom, one must expect instead of (s+ple]) and 
(s—plo|), types intermediate between the former and s, and between the 
latter and pla]. The actual wave functions in order of energy, in say NH; 
or CH, can perhaps be fairly well described as (a) 1s; (b) 2s|o] obtained as a 
linear combination of 2s of the central atom, 1s of the three H atoms, and a 
lesser proportion of 2p|¢] of the central atom, with the 1s wave functions so 
introduced as to conform to the proper representation of the symmetry group; 
(c) 2p|z] composed of 2pz of the central atom mixed with 1s of the H atoms; 
(d) 2p|o] consisting mainly of 2po of the central atom, a smaller proportion 
of 2s, and a small proportion of 1s of the H atoms. 





In molecules like NO;~, CO >, and presumably SOs;, with a plane ar- 
rangement of the nuclei,’ the wave functions correspond to representations 
of the trigonal symmetry-group, which are the same as those of the hexagonal 
group.' Here, from the standpoint of the central atom, the types s, plz] 
and pla] are possible. Of these p[z] is well suited to bonding and s is moder- 
ately so, while plo] avoids the plane of the nuclei. In this case s and plo] 
belong to different representations and so cannot hybridize as in NH; and 
SO;> to form a stronger bonding type. Assuming two shared electrons per O 
atom, the central atom has the incomplete (but diamagnetic) shell s?p[z]*, 
the pla] wave function being unoccupied. From the point of view of an O 
nucleus, the two electrons which it shares are p|o|,—this must not be con- 
fused with the central-atom-viewpoint kind of p{o|,—while its unshared 
electrons are 1s?2s?2p|]' (cf. discussion of CF,, above). Possibly the twelve 
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p|z] electrons of the three O atoms interact in such a way as to be available for 
partial sharing with the central atom, so that in effect two of their number, 
on the average, function as plo] electrons of the central atom and so after all 
complete the latter’s otherwise incomplete /p shell. 

Many other interesting results can be obtained. In the case of atoms with 
d electrons, these closely parallel the results of Pauling,’ even to the explana- 
tion of diamagnetic and paramagnetic susceptibilities. For example, the 
square arrangement and diamagnetism of PtCl,;~ and the octahedral ar- 
rangement and diamagnetism of PtCl,> can be easily predicted or understood. 
These results are based on Bethe’s work! showing that d wave functions split 
into two types d, (3-fold orbital degeneracy) and d, (2-fold degeneracy) in a 
field of octahedral or tetrahedral symmetry; d, and d, are of forms which ap- 
pear to be respectively specially adapted to bond-formation with tetrahedral 
and octahedral symmetry. The tetrahedral ions CrO;= and MnO, are tenta- 
tively interpreted as having shared central-atom configurations 3d ,°4s*, thus 
being closely analogous to SO,> and ClO; with 3s°3p*. This interpretation 
appears more plausible than Pauling’s, which involves a hybrid of 3d, 4s, 
and 4p electrons. SF, is interpreted as being octahedral with 3s73p%3d,‘ 
around the S core. Further details will be given later. 
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SECONDARY STRUCTURE AND MOSAIC 
STRUCTURE OF CRYSTALS 


By F. Zwicky 
CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA 
(Received February 8, 1932) 


ABSTRACT 


In the following a brief summary is given of some of the essentials of the theory of 
the secondary structure. This structure is very sensitive to external disturbing effects 
which frequently cause the transition of crystals from thermally stable into thermally 
pseudostable configurations for which the term mosaic structure is proposed. A discus- 
sion of the relation of the mosaic structure to the secondary structure is given. The 
essentially new points of this paper are brought forth in §5, where it is shown that 
several very fundamental causes are operative during the growth of crystals which 
endanger the formation of thermally stable configurations. The most important of 
these causes is due to the fact that on solidification the heat of fusion must be carried 
away from the growing surface. The resulting temperature gradient very often is great 
enough to produce plastic deformations in the crystal in status nascendi. Finally a 
short review is given which intends to show that the adoption of the conception of a 
secondary structure and the closely related mosaic structure provides an adequate 
basis for the understanding of the totality of phenomena which is characteristic for 
the solid state of matter. 


$1. INTRODUCTION 


NE of the most conspicuous phenomena very often exhibited by the 

solid state is a peculiar coexistence of perfection and imperfection in 
crystals. The purpose of this paper is to interpret the facts involved as being 
due to thermodynamically pseudostable states of crystal lattices. It will be 
assumed that crystals cannot satisfactorily be described by ideal lattices but 
that the introduction of a secondary structure is necessary. The reasons for 
the existence of a secondary structure have been discussed in previous pub- 
lications.' In regard to the problem at hand I mention only that the existence 
of a sufficient number of thermodynamically pseudostable configurations of 
single crystals can hardly be understood from the standpoint of ideal crys- 
tallographic lattices. From the conception of a secondary structure, however, 
the possibility of pseudostable states may be derived at once and the coexis- 
tence of perfection and imperfection in crystals may be accounted for. 


§2. ON THE SECONDARY STRUCTURE OF CRYSTALS 

I have discussed in previous publications that different types of secondary 
structures are conceivable. For the following it will be sufficient to describe 
very briefly two special types A and B which possess all of the general char- 
acteristics which we require for our considerations. 

1 F. Zwicky, Proc. Nat. Acad. 17, 524 (1931). 

2 F. Zwicky, Phys. Rev 38, 1772 (1931). 
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A. Permanent electric polarization in crystals. 

I have shown recently? why certain cubical heteropolar crystals have a 
tendency to change over into slightly tetragonal lattices which are charac- 
terized by permanent electric moments. It is not very hard to see under what 
circumstances this might happen. We must only apply the general laws of 
electrostatics to the electrostatic potential @ inside of an ionic lattice. Indeed, 
observing the equation 


Ad = 0 (1) 


we must require that @ have neither real maxima nor minima throughout the 
lattice. Every extreme value of @ must be of the mixed kind (law of Earn- 
shaw). If an ion is in a dynamically stable position with respect to a definite 
displacement there certainly will be another displacement with respect to 
which the position of the ion is unstable. A cubical lattice, for instance, if al- 
ternately occupied by positive and negative charges will be unstable with re- 
spect to a displacement of the negative and the positive lattice relative to 
each other. We denote this displacement with D, where the index R indicates 
that this variation is closely related to the phenomenon of the infrared resid- 
ual rays. A lattice which is built up of static charges is of course also un- 
stable with respect to a compression D> inasmuch as it has a tendency to con- 
tract as long as the mutual distances between the point charges are not zero. 
In order to account for the stability of crystals, M. Born therefore introduced 
the so-called repulsive forces between the ions. These forces were recognized 
by the wave mechanics as being due to the overlapping of the Schrédinger 
space charges of the ions. For a first pheno menological approximation it is 
sufficient to write for the mutual “repulsive” energy €;,° of two ions 7 and k 
one of the following two expressions 


+ 


€ik - A/rix? (2) 
or 

€i47 = Ae rik (3) 
where r;, is the mutual distance of the two ions. The coefficient A and the 
exponent p may either be calculated from the wave mechanics or they may 
be adjusted by the use of two observations. If p>1 there will always be a 
value of A which makes the lattice stable with respect to a variation De. This 
statement might not be simultaneously true for the variation PD», and it is 
suggested by Earnshaw’s law that the instability will occur especially for low 
values of p in (2). I have indeed been able to prove that only for p>6 the 
crystal will be dynamically stable with respect to Dr, if the lattice is of the 
NaCl type.” It is important to notice that similar conditions exist if we con- 
sider the CsCl type or the ZnS type of a heteropolar crystal instead. If 


l<p< pe (4) 





and the critical p,, is definitely greater than one, we shall have stability 
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against D. and instability against Dr.* For p>>p,, the dynamic stability is 
secured both for D. and Dr. However, as long as # satisfies the inequality 
(4) no cubic lattice will be formed in spite of the perfect central symmetry 
of the building stones. This result is of great importance inasmuch as it sug- 
gests at once the necessity of the existence of a certain secondary structure. 

Indeed, if p satisfies (4) the displacement D » is energetically self-perpetu- 
ating and the crystal will assume a tetragonal configuration plus a macro- 
scopic electric moment. The polarization however cannot be homogeneous 
throughout because of the neutralizing effects of the surfaces. | have shown 
in another place that a secondary structure of the type pictured in Fig. 1 will 
come into existence. The electric polarization P is accompanied by a certain 
distortion due to the electrostriction. There will for instance be an extension 
along P and a contraction normal to P, which changes the ratio between the 





























ANZ = 
NIZINEZ | 3 mi 
A. Am 


“longitudinal” and the “lateral” lattice constant by an amount A. The crystal 
therefore will have a tendency to assume the configuration A y. For 


D=4d/A (5) 
we shall have 
x=d. 


For approximately D>d,/A the crystal would fall apart into separate blocks. 
This however will not happen because of two other effects setting in. 

In the first place the electrostriction will be hindered by the mutual cohe- 
sion of the parts which are in contact along 7. Stresses therefore will be set 
up in the shaded regions (Fig. 1). 

In the second place a change of place of certain ions will occur. Indeed D 
will have a tendency to become as large as possible. This would increase the 
stresses in the point 0 so much that a rupture would occur and a hole be form- 
ed at 0. But if this hole becomes too large ions may be taken from the surface 
of the crystal and used for filling the hole. 

The described type A of a secondary structure will possess the following 


* In this connection the following phenomenon is of interest. It is known from the investi- 
gation of the respective band spectra, that for most metalhydride molecules p<6, usually 
3<p<4. When the hydrides crystallize the hydrogen atom in the lattice is in a very unstable 
position. It vagabonds very easily or may be even expelled from the crystal. This is the case for 
instance for Fel which crystallizes with a partial expulsion of the hydrogen. I am indebted to 
Dr. O. Schmidt from Ludwigshafen for having called my attention to this peculiar behavior of 
the hydride on which our considerations may throw some light. 
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mechanical characteristics. If we denote an atom in an unstressed part of the 
crystal by the index p and an atom in the stressed part by 7 the respective 
potential energies € satisfy this inequality. 


Ey < Ee. (6) 


We denote with ¢; the energy of an atom in the corresponding ideal lattice 
which however possesses no electric polarization. Then Fig. 2 shows the rela- 
tion between the different energies involved. €, may be greater or smaller 
than e;. 





Fig. 2. 


From (6) it follows that the rupture strength R against disrupting the 
crystal along 7z is less than the corresponding R,. 


a <2, (7) 


However, this conclusion may not be correct in every case as matters are 
complicated by the possibility of a greater density of atoms along 7. 
The resistance S against slipping will in general also be lowered. 


Ss, <5... (8) 


The inequality (6) indicates that it is easier to remove an atom from a 
m-plane than from a p-plane. Etching or evaporation would in this particular 
case attack the z-planes first. 


B. Type of a secondary structure which is due to the tendency of forming linear 
and plane crystals. 


If we consider plane and linear equilibrium configurations we generally 
find that their potential energies per atom are almost as large as the energy 
of an atom in the corresponding three dimensional crystal. It may even be 
shown that the lines or planes may in certain cases represent states of lower 
energy than the three dimensional lattice. Due to their small mechanical 
strength these configurations will hardly ever occur in reality. If a crystal is 
formed we shall have to expect that certain lines and planes in the crystal will 
try to retain their own characteristic equilibrium configurations. We thus ar- 
rive at the picture of interpenetrating lattices whose elements are points, 
lines or planes respectively. In other words, we may speak of a point lattice 
(p) with a superposed secondary structure of contracted lines or planes 7. 

m-planes and p-planes will be out of phase with respect to each other. U. 
Dehlinger has shown’ that such configurations may very well be dynamically 


3 U, Dehlinger, Ann. d. Physik 2, 786 (1929). 
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stable. Dr. H. M. Evjen* and the author have given examples of such con- 
figurations which represent lower energy states than the usual ideal crystal- 
lographic arrangements. This is due mainly to the polarizability of the atoms 
of which proper use is made only in slightly asymmetrical arrangements. 

The secondary structure of the type B possesses the following mechanical 
characteristics. In this case 


€p > €r (9) 


Fig. 3. 


which is just the reverse of what holds true for the type A. Fig. 3 contains 
the relation between the different energies involved. From this it follows that 
the relation (7) is also reversed. 


Re > R, (10) 
whereas the inequality (8) holds true for the type B as well. 
ee (11) 


This is due to the fact that planes in the neighborhood of 7 are out of phase 
with respect to each other. We may compare a 7-plane to an almost liquid 
layer whose cohesion, R, is large but whose resistance against slipping is very 
small. 


$3. ON THE Mosaic STRUCTURE OF CRYSTALS 


From the discussion in the previous section it must be concluded that the 
secondary structure is considerably more sensitive to external disturbances 
than the primary structure. Structure sensitive properties therefore have 
their origin mainly in the secondary structure. 

The previous considerations also suggest that we attribute imperfections 
of crystals to distorted configurations of the S.S., at least as long as these im- 
perfections are not too great. It can easily be shown that such distorted con- 
figurations of the S.S. may be dynamically stable and therefore thermody- 
namically pseudostable. Distorted configurations of the S.S. must be expected 
to be very frequent as will be shown later on. In spite of being quite incon- 
spicuous, geometrically speaking, they nevertheless influence the physics of a 
crystal enormously. For this reason it seems advisable to introduce a termi- 
nology which will enable us to distinguish between thermally stable and 
pseudostable configurations of crystal lattices. I propose to use the terms 
Secondary Structure (S.S.) and Mosaic Structure (M.S.) respectively. Un- 
fortunately, I have used in my previous publications those two terms indis- 
criminately. This really was not justified because of the regularity of the S.S. 


*H. M. Evjen, Phys. Rev. 34, 1385 (1929). 
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which has no mosaic aspect. The new proposal seems logical for the following 
reasons. It at the same time correlates and distinguishes between perfections 
and imperfections in real crystals. The above distinction is also in agreement 
with the old usuage of the word mosaic structure by Darwin, Ewald and 
others. It furthermore suggests an intimate relation between the thermally 
stable and pseudostable states of crystals. 
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Fig. 4. 


In order to illustrate the previous remarks it will be advantageous to point 
out briefly a few of the possible types of mosaic structures. 

In the first place it is quite possible that in a real crystal by some reason 
or other the z-planes of the S.S. are not equally spaced. In other words the 
blocks characterizing the S.S. may not all be of the same size. If such a con- 
figuration is dynamically stable a certain thermal agitation is needed in order 


























Fig. 5. 


to throw the crystal from the above pseudostable configuration into a ther- 
mally stable state. We might call the temperature which is required the igni- 
tion temperature 7; of the S.S. crystals in solution may for instance be formed 
at a temperature 7< 7; and exhibit different properties from crystals grown 
out of the melt. 

It is important to notice that the existence of an ignition temperature ac- 
counts readily for hysteresis effects in single crystals. We shall indeed ex- 
pect for any structure sensitive property P, of the crystal a dependency on 
the temperature as shown in Fig. 4. Only for 7>77; will P, be a univalued 
function of 7. For 7<77; it may for given 7 assume any value between P» 
and P; depending on the previous history of the sample. 
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Hysteresis effects in single crystals are well-known. The theory of the 
ideal crystal lattices so far has not been able to account for phenomena of 
this type. 

A second type of thermally pseudostable configurations may be arrived at 
if a plastic deformation of a-single crystal is introduced. According to §2 
slips will occur preferably along certain 7-planes. This will lead to configura- 
tions as shown in Fig. 5. Deformations have taken place along the shaded 
regions only. The inside of the blocks, due to their high shearing strength 
along the p-planes will essentially stay intact. This is in excellent agreement 
with the observed Laue patterns of deformed crystals. 

It is interesting that the conception of the secondary structure also pro- 
vides a qualitative understanding of the cold hardening of single crystals, 
which phenomenon constitutes an unsurmountable difficulty for the theory 
of the ideal lattices. Indeed if we are dealing with a S.S. of the type B, we have 


S.>% & >t. 
In a typical case (rock salt) we would for instance have approximately 
S, = 10kg/cm? R, = 20,000 kg/cm’. 


S, is the observed value. R, is calculated under the assumption of an ideal 
lattice.’ If we strain our crystal, a plastic deformation in the form of a series of 
slips will set in due to the low value of S,. From Fig. 5 it appears that after 
a certain deformation pure slipping is impossible due to the slight turning of 
the blocks. In order to increase the deformation one must pull the blocks 
apart. The resistance against rupture is determined by the much higher value 
R,. In this way it may be possible to arrive at an understanding of the cold 
hardening of single crystals. 

In order to effect the transition from the configuration (5) back to the 
perfect crystal a certain thermal agitation is necessary. Configuration (5) 
therefore also represents a thermally pseudostable configuration. 

In the third place we must consider the influence of impurites. The free 
energies of two identical foreign atoms in a 7-plane and in a p-plane respec- 
tively will be different. The equilibrium concentration of the foreign atoms in 
the two types of planes will therefore be different. If the foreign atom does 
not fit into the ideal lattice we may expect it to favor the z-plane. We thus 
arrive at the picture of enantiomorphic atoms being imbedded in the crystal 
structure in the form of layers. If the distribution of the foreign atoms in the 
m-plane is not uniform we again may expect pseudostable configurations, at 
least for T7<T7., where 7.., is the temperature at which effective migration 
of the foreign atoms begins to take place. 

Only the second of the above cases (Fig. 5) leads to a design which ordi- 
narily is associated with the word mosaic. We however generalize this con- 
ception and propose to call every thermally pseudostable configuration of a 
lattice a mosaic structure. 


°F, Zwicky, Phys. Zeits. 24, 131 (1923). 
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Finally it is of interest in this connection to mention a peculiar conse- 
quence of the conception of the secondary structure. 

If we are dealing with an infinite crystal, the secondary structure relative 
to a given point in the lattice may be shifted around. There is nothing to fix 
the position of the S.S. relative to a given point in the primary lattice. As 
soon as we deal with crystals of finite size however, the S.S. will be anchored 
in a definite position because of the action of the surfaces of the crystal. Vice 
versa, the S.S. must have some effect on the formation of the surfaces. Due to 
the existence of the S.S. which is suspended between the surfaces of the crys: 
tal like a spider webb in an enclosure, we must expect that the different sur- 
faces influence each other. This interaction will depend on the volume of the 
crystal. There are of course other volume effects which are due to the ordinary 
surface tension. Let us consider which quantity is important for the difference 
in vapor pressure of finite crystals or of finite drops due to the surface tension. 
The following quantity I’, may be shown to be characteristic 


3ée, /3RT 





2 /— 12 
r / 2 ( ) 
because 
26¢€, 
In p'/p = 13 
p'/p aT (13) 


where p and p’ are the respective pressures of an infinite and a finite volume 
and where 6 and r are of the linear dimensions of an atom and the drop or 
crystal respectively, and ¢, is the surface energy per atom. 

If we take into account the S.S., we find that similar volume effects must 
be expected which under certain circumstances may be far more important 
than those caused by the ordinary surface tension. Indeed the layer of atoms 
which we introduced in the previous considerations must now be replaced by 
a layer of blocks of the linear dimension D, inasmuch as the surface blocks 
may be characterized by an energy difference €,’—e€,’ per atom which may be 
considerably different from the corresponding quantity €, —e€, characterizing 
the inside of a block. The difference 


és = (€p — és) — (ep — €,’) (14) 


may very well be of the same order as €,, namely, approximately 10- ergs, as 
follows for instance from my calculations on the S.S. caused by the existence 
of self perpetuating electric moments.” The characteristic quantity now there- 


fore is 
r — /— 1s 
s=— , (15) 





The S.S. then for a linear size of approximately 


R = rD/s (16) 
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of the crystal grain causes pressure effects similar to those which the ordin- 
ary surface tension o produces for crystals of the dimension r. Now if 


D/é = 104 (17) 


which according to my previous calculations is very well possible, we must 
expect volume effects due to the S.S. for R=1 mm which are comparable to 
those produced by the ordinary surface tension for r=10-5 cm. This may be 
the explanation for the well-known fact that the individual grains in a poly- 
crystalline aggregate behave similarly to a bunch of soap bubbles in contact 
with each other. The membrane between a small and a large bubble is always 
convex with respect to the outer normal of the small bubble, see Fig. 6. (I am 
indebted to Dr. I. Langmuir for having called my attention to this pheno- 
menon and having suggested a possible relation to the S.S.) Arrangements 
similar to that shown in Fig. 6 are found on many polished and etched sur- 


Fig. 6. 


faces of polycrystalline metals. It is also known that many salts crystallizing 
out of solution exhibit small crystals “growing” into the bigger ones. 


§4. On A PARADOX CONCERNING THE FREE ENERGY OF REAL CRYSTALS 

We know from experience that thermally stable configurations are not 
always realized in nature. There are two reasons for this. 

In the first place the reaction which is required for the transition to the 
stable state to take place may be dynamically impossible at least at low 
temperatures. For instance He and Oz will in general not be in equilibrium at 
room temperature as the reaction rate into H2O is too small. However, we do 
not know anything about the dynamical aspects of the formation of crystals 
and we shall not therefore dwell on this question any further. For the follow- 
ing it is of importance only that thermally pseudostable states of crystals 
exist. 

In the second place there are continually acting external disturbances, 
which under certain circumstances may cause the reverse transition from the 
thermally stable states to unstable states. Several types of such disturbances 
will be discussed in the next section. From the considerations there given it 
will become clear that a great number, if not most of the crystals which have 
been formed naturally are in thermally pseudostable configurations. They there- 
fore fall into the category of crystals with a mosaic structure. Real crystals 
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thus most frequently exhibit a mosaic structure. They will show a S.S. prop- 
er only under very special circumstances. 

The paradox which I wanted to mention in this connection is the following. 

Suppose that the formation of an ideal crystal were really possible. Its 
mechanical strength then should be hundreds of times greater than the 
strength of most pure real crystals. This great mechanical strength would be 
sufficient protection against most of the accidental disturbances or fluctua- 
tions in nature to safeguard the existence of ideal crystals. 

From previous considerations it is probable that ideal lattices, if at all 
possible, can be formed only under very particular circumstances, namely, if 
the symmetry character of the primary and the secondary structure is the 
same. Real crystals on the other hand will in general be so weak that the 
omnipresent disturbances in nature very often endanger the thermally stable 
configurations (€,) and cause the crystals to go into pseudostable configura- 
tions (€,,). This will be discussed in more detail in the next section. We there- 
fore will be very often confronted with the following paradoxial situation. 

Evapor 
gf 


~ 2 
‘ Say > ny 


be 
Fig. 7. 


Crystals, for reasons developed elsewhere,! favor lattices characterized by 
secondary structures. The existence of these S.S. implies an excessive weak- 
ness of the crystals with regard to slipping. The crystals therefore are easily 
plastically deformed and are thrown into mosaic configurations (€\,). It may 
then happen that | €y is not only smaller than €,| but also 
lew! Sle. (18) 


| 


so that the resulting real crystal is thermally even less stable than the ideal crystal 
if the latter could exist. This suggests as a quantitative energetic criterion of 
a single crystal the requirement 


| ew | >Ile|. (19) 


| | 


If we are dealing with a secondary structure of the type B it is quite possible 
to decide between (18) and (19) experimentally. Case (18) will produce 
grooves on evaporation and etching whose starting points must lie on the 
7-planes. In case (19) on the other hand the grooves will start in the center of 
the ideal blocks. These conditions have been verified by Dr. Goetz® and my- 
self? in the case of single crystals of Bi and Cu. The experiments involved 
also dispose of the trivial objection that the patterns which we have observed 
on the Bi-single crystals are due to slip lines on an otherwise ideal lattice. 


6 A, Goetz, Proc. Nat. Acad. 16, 99 (1930). 
7 F, Zwicky, Proc. Nat. Acad. 15, 816 (1929). 
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$5. ON SOME CAUSES FOR THE FORMATION OF MOSAIC STRUCTURES 


With the formation of crystals there are necessarily related some funda- 
mental phenomena whose presence often causes the crystals to go into mosaic 
configurations. The present paragraph is devoted to a discussion of some of 
these effects. 

A. The heat of fusion as a cause of plastic deformation. 

Qn the solidification of G grams of solid out of the melt an amount of heat 
GX 1/1 is liberated, where J/ is the heat of fusion per gram. This heat must be 
carried away which necessitates the existence of a temperature gradient. The 
temperature in the crystal is highest at the growing surface. This surface 
therefore plays the role of a generator of heat in motion. The temperature 
gradient in turn creates thermal stresses which may, if great enough, deform 
the crystals in status nascendi. 

The determination of the resulting stresses involves the solution of the 
following problem. Given are the heat conductivites and the heat capacities 
of the crystal and the surrounding media, melt, walls of the container, etc. The 
initial distribution of temperature and the speed of growth of the crystals 
are supposed to be known, from observation for instance. What will then be 
the distribution of temperature at a subsequent time ¢? The solution of this 
problem will evidently be obtained as a solution of the general differential 
equation for the heat conduction, taking into account the generation of heat 
on the growing crystal surfaces. 

Exact solutions of the problem stated for some simple cases will be given 
in another place. For the present discussion it is sufficient to give an estimate 
of the stresses which must be expected. For this purpose we may proceed as 
follows. Suppose that our crystal grows in the form of a rod of constant cross- 
section g at a speed of v cm/sec. In order to get the order of magnitude of 
the temperature gradient at the growing surface, we assume that the whole 
amount of heat generated is carried away through the crystal, whose heat 
conductivity may be denoted with A. The temperature gradient d7/dX will 
then be 

dT 
A— =prdi. (20) 
dx 
Here X is measured along the rod, p is the density of the crystal and J/ the 
heat of fusion per unit mass. The gradient d7/ dX if distributed over a length 
L, causes a maximum angular distortion y of approximately 


dT 


—L (21 
dx ) 


1"¢ 


where a is the linear coefficient of expansion. This strain corresponds to a 
stress ¢ whose order of magnitude is given by 
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where 7 denotes the shearing modulus. If we insert actual values for the dif- 
ferent parameters we obtain stresses which are considerable and which may 
distort the crystal in its state of growth. 

For instance for NaCl we have 7=1.29X10° kg/ecm?*, 77 =123.5 cal. gr, 
a=1.06X10~4 between 25° and 50° centigrade, p =2.17, \=0.0116 cal./cm 
sec. degree at 100°C. The value of \ will be smaller at the melting point as it is 
decreasing with increasing 7°. We therefore obtain approximately 






































¢ = 3X 10% X Lkg/cm?. (23) 
For v=10~* cm/sec. and L = 10~* cm this results in 
o¢ = 3kg/cm’*. (24) 


The shearing strength of NaCl is of the order of 10 kg ‘cm? at room tempera- 
ture and decreases considerably with increasing 7. It follows then that under 
the above circumstances we must expect an intrinsic plastic deformation of 
rock salt crystals during their growth out of the melt. This plastic deforma- 
tion may in certain cases be removable by annealing the crystals at high 
temperatures. In general the crystal will remain in a slightly deformed state 
until it cools to temperatures at which the deformed states represents a ther- 
mally pseudostable configuration. 

For the artificial methods of growth in general the same considerations 
hold true. Crystals of the alkali-halides obtained by the Kyropoulos method 
usually are grown with speeds of one or more cm an hour which gives stresses 
of the same order of magnitude as computed above. 

For metals similar results are obtained. In the case of Bi for instance we 
have JJ =10—12 cal./ gr, p=9.8, a=1.29X10-°, X =0.017 cal./cm sec. degree 
at 200°C, r =9.7 X10! kg/cm. This results in 


o = 7.34 X 10°L. 


For some of the most carefully grown Bi single crystals v=10-* cm/sec., 
L=0.1 cm. Therefore 


o = 7.34 kg/cm*. 


The shearing strength at room temperature is of the order of 20 kg/cm? and 
10 kg/cm? at 500°. 

The relation (22) allows us to draw a few very interesting conclusions. It is 
seen that o is depending on the length Z over which the temperature gradient 
prevails. This suggests an explanation for the frequently observed phenome- 
non that crystals during their natural growth attain only a certain size. Ac- 
cording to the above considerations this may be due to the fact that the 
plastic deformation prevents further growth as soon as L surpasses a certain 
critical value. 

It is also possible that the differential equation of heat conduction which 
governs the problem stated in the above admits of periodic solutions in time. 
Physically speaking this would mean, that as the speed v increases, the tem- 
perature near the growing surface increases due to the impossibility of carry- 
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ing off the heat fast enough. The increasing temperature in turn slows down 
the growth of the crystal and the whole process repeats itself. This possibility 
may have some bearing on the macroscopic periodicities observed by Strau- 
manis® during the artificial growth of Zn crystals. 


B. Other causes for the plastic deformation of crystals 


There are still some other causes, which prevent the formation of per- 
fect crystals. One of them is related to the fact that the melt and the crystal 
have different solubilities for gases. It happens for instance that the melt 
may contain an amount of gas ten or more times greater than the solid. The 
greatest part of the dissolved gas then must be liberated on solidification. 
This process if it assumes violent forms is known as spitting or spurting. 
Craters may be formed on the growing surface or pockets inside the crystal 
which evidently destroy the perfection of the crystals grown under such con- 
ditions. 

In rare cases gravity may be active in disturbing the formation of good 
crystals. This effect can play a role if heavy crystals are formed whose shear- 
ing strength near the melting point is very small. 

The earth’s magnetic field might also have some influence. It would be 
interesting for instance to grow crystals of very pure iron in the earth’s mag- 
netic field and in field free space. 


C. Methods to prevent the disturbing effects during the growth of crystals 


From the above it follows immediately that it is possible to avoid the 
causes of intrinsic plastic deformation discussed in the section A and B. 

The difficulty related to the transport of the heat of fusion is evidently 
best avoided if v is made small artificially and if one grows the crystals at 
low temperature, which is advantageous because of the increase of shearing 
strength with decreasing 7. Low speeds of growth applied to crystals formed 
from the melt, however, do not always help because of the supercooling 
effects introducing other disturbances. The slow growth of crystals out of 
solution or out of the vapor therefore seems to offer the best guarantee against 
the disturbance discussed under A. The growth out of the solution however is 
not always possible. In addition there are other peculiar difficulties related to 
it, such as effects of impurities, differences in the concentration of the solution 
and the convection currents set up during the crystallization, etc. There re- 
mains the precipitation of crystals from the vapor in vacuum. Very good 
crystals have indeed been obtained already by this method. 

Of the other difficulties mentioned under B, all of them can be avoided by 
observing proper precautions during the artificial growth except those due 
to the influence of gravity. 

The main purpose of this paragraph was to show why naturally grown 
crystals are seldom perfect and that great precaution is necessary if one wishes 
to distinguish between thermally stable and pseudostable states. 





8 M. Straumanis, Zeits. f. anorg. Chemie. 181, 1 (1929). 
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$6. CONCLUDING REMARKS 


In the preceding section I have tried to show that there are a number of 
very fundamental effects active which endanger the realization of thermally 
absolutely stable configurations of crystals. These effects are of such an in- 
trinsic nature that one might conclude that they never can be completely 
avoided. One might further conclude that one could account in this way for 
all the peculiar difficulties which the theory of ideal crystal lattices has en- 
countered so far without any apparent means of disposing of them. I think 
this would be a mistake. Different investigators including the present writer 
have thoroughly discussed this possibility in the near past and shown that 
any attempt to account for the failure of the theory of ideal lattices in this 
way is quite futile. The solution of the problem of the solid state must be of a 
more fundamental nature. Some radical modification of the theory, such as I 
have proposed, with the conception of a secondary structure, | think, is un- 
avoidable. It may be good to recall here briefly once more a few of the peculiar 
characteristics of the solid state for which the theory of ideal lattices has 
proved incapable of providing any solution. 

(1) The mechanical strength is hundreds to thousands of times smaller 
than might be expected from the theory of ideal lattices. The break-down 
occurs within the region of strict validity of Hooke’s law, this in spite of the 
fact that the second order terms in the expansion of the forces are undoubt- 
edly present and not negligible at all. This latter fact must be inferred from 
the existence of a thermal coefficient of expansion, which is different from 
zero. 

The effect of cold hardening of single crystals means that the crystal 
lattice becomes stronger after it has been actually destroyed. 

(2) Incomprehensible for the theory of ideal lattices is also the peculiarly 
low solubility of certain impurities in the crystal lattice. The fact cannot be 
explained in the same way as the low solubility in liquids which is due to fast 
recombination of the dissolved particles. 

The enormous influence of very small amounts of impurities on structure 
sensitive properties also presents a hard problem. 


(3) The sharpness of the melting points and the absence of an increase of 
the specific heat below the melting point suggest that certain cooperative 
effects between many atoms must be responsible for the existence of crystals. 
This view is consistent with the occurence of volume effects as mentioned in 
$3. It also accounts for the crystal growth through old grain boundaries 
made up of impurities. Generally speaking, cooperative effects are necessary 
for the understanding of the peculiar coexistence of perfection and imperfec- 
tion in single crystals. 


(4) The above difficulties have led the author to the conception of a sec- 
ondary structure. Many new effects could be derived and predicted from 
this conception. The experimental verifications which have been obtained 
naturally present new problems if one does not accept the views from which 
they have been inferred. 
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Beside the investigations carried out in this Institute the recent researches 
of Straumanis® and Bitter are particularly significant. 

Straumanis grew single crystals of Cd and Zn out of the vapor and ob- 
tained secondary structures such as we have observed first on Bi in this Insti- 
tute. This is of great bearing as we have shown that this method of growth 
of crystals is particularly adapted for avoiding accidental imperfections. 

Finally F. Bitter’s'® recent beautiful experiments on the existence of a 
magnetic secondary structure of ferromagnetic crystal when put in a mag- 
netic field are of utmost importance. This because of the fact that this sec- 
ondary structure may be shifted at will by switching off the magnetic field 
and putting it on again. 

The above arguments I think suffice to justify the adoption of the theory 
of the secondary structure as a reasonable working hypothesis. The purpose 
of this paper was to show that this theory combined with corresponding 
considerations on the closely related mosaic structure provides a framework 
which seems well adapted for the systematic investigation of the physics of 
the solid state. 


® M. Straumanis, Zeits. f. physik. Chemie 13, 316 (1931). 
1° F. Bitter, Phys. Rev. 38, 1903 (1931). 
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ABSTRACT 


An equation is derived which gives the accommodation coefficient a of a gas 
striking a surface as the ratio of the observed heat loss from the surface to the theoreti- 
cal heat loss that would be observed if all the gas molecules came to thermal equilib- 
rium with the surface. The experiments show that at temperatures above 600°K the 
values of a for hydrogen (0.20 mm pressure) are greatly reduced by the presence of 
oxygen on the surface of the tungsten. Oxygen is inevitably produced in a tube when 
a tungsten filament is burned at 7 >1500°K in hydrogen, as the atomic H thus formed 
dislodges oxygen from the walls even when the walls are cooled in liquid air. Hydrogen 
is adsorbed on tungsten at 7<1200°K in two different forms, both of which reduce 
a from its value for bare tungsten. A film of the first type, which is adsorbed at T 
<0600°K, changes over into the second type slowly at 600°K and rapidly at 1100°K. 
The numerical values of @ range from 0.537 for bare tungsten to 0.143 for tungsten 
with an adsorbed hydrogen film of the second type, and 0.094 for tungsten with an 
adsorbed film of oxygen. At 7<200°K an oxygen film forms which increases a to 
0.422 at 150°K, provided that a small concentration of oxygen is continually present 
in the gas phase. 


HE heat taken up by a gas at low pressures from a hot metal surface is 

governed by a factor which Knudsen! has named the “accommodation 
coefficient” of the gas. This coefficient measures the extent to which a gas of 
known temperature striking a surface of a different temperature “accommo- 
dates” its temperature to that of the surface. Knudsen defined the accommo- 
dation coefficient a as follows 


a = (T: — 7))/(T:' — T)) (1) 


where 7) is the temperature of the molecules before they strike the surface, 
7; the temperature of the molecules when they leave the surface, and 7}’ the 
temperature of the surface. Then a is less than unity when the molecules 
fail to reach thermal equilibrium before leaving the surface. 

The definition in Eq. (1) is open to the objection that the concept of a 
temperature 7», of the molecules leaving the surface has no clearly defined 
meaning unless the molecules leave the surface with a Maxwellian distribu- 
tion of velocities. If thermal equilibrium is not reached, it is almost certain 
that the distribution is not Maxwellian. Therefore, in this paper a is defined 
in terms of the heat which the molecules carry away from the surface. The 
theoretical heat loss from the surface which would occur if the incident mole- 
cules reached thermal equilibrium with the surface has been calculated ac- 


1M. Knudsen, Ann. d. Physik 34, 593 (1911). 
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cording to the kinetic theory, and a represents that fraction of the theoreti- 
cal heat loss which is observed experimentally. The experimental values are 
obtained by subtracting from the watts consumed by a filament at a given 
temperature in the presence of gas, the watts consumed by the filament at 
the same temperature in vacuum, the resistance of the filament affording in 
each case a measure of the temperature. 

Previous papers?** have described the mechanism of heat conduction 
from small wires in a gas. When heat is conducted by a gas from a wire of 
diameter d and temperature 7’, placed in the axis of a tube of diameter b and 
wall-temperature 7), there exists between the wire and the gas adjacent to 
the wire a temperature drop which may be a large fraction of (7 — 7) when 
the pressure of the gas is low. Let 7, be the temperature of the gas at a dis- 
tance of one mean free path \ from the wire, so that the temperature drop is 
(T—T,). Then 7, may be calculated! when W’,, the heat carried from the 
wire per cm of length per sec., is known, for W’. is carried from the region of 
temperature 7, to the walls according to the ordinary laws of heat conduc- 
tion. We have 

W. = 24(ba — $:1)/In [b/(d + 2A) | (2) 
where 


Ta 
oa — 1 = f KdT (3) 
Ty 
K being the coefficient of heat conductivity of the gas. Numerical values of 
(d.— 9) are given in Table I, calculated for 7, = 80°K; T; had this value since 


TABLE I. ¢a—q@ for hydrogen. 7; = 80°K. 








To da — or 





deg. K Watt deg. cm sec.“ 
80 0.0 
100 0.0126 
150 0.056 
200 0.114 
250 0.185 
300 0.270 














the liquid air used in our experiments was nearly pure nitrogen. The values 
of K used in making the calculations were taken from measurements made 
by Eucken’ at temperatures from 81.5°K to 373°K. 

The gas molecules which strike the filament come from the region of tem- 
perature 7°,, and the number which strike the filament per cm? per sec. is® 


n = p/(2emkT,)'? (4) 


where p is the pressure in dynes per cm’, m the mass of a molecule, and k 
the Boltzmann constant (1.371 X10~-"* ergs per deg. KK). The average internal 


2 I. Langmuir, Phys. Rev. 34, 401 (1912). 
3 1. Langmuir, J.A.C.S. 36, 1708 (1914). 
41, Langmuir, J.A.C.S. 37, 417 (1915). 

5 A. Eucken, Phys. Zeits. 12, 1101 (1911). 
6 J, Langmuir, Phys. Rev. 2, 329 (1913). 
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energy of each incident molecule is (8—3,2)k7. where Bk is the specific 
heat at constant volume per molecule, expressed in ergs per deg. XK. When hy- 
drogen is cooled to low temperatures, the specific heat approaches that of an 
ideal monatomic gas,’ and 8 has the value 3/2 at 45°K; at higher tempera- 
tures the specific heat increases to the values characteristic of diatomic gases, 
and 8 = 2.42 at 273°K, and 2.68 at 1000°K. But the average kinetic energy® of 
each of the 7 molecules which strike a surface per cm* per sec. is 2k7°,, so that 
the incident molecules bring a total energy of n(@8+1/2)k7), ergs cm~? sec.~! 
to the filament. If the molecules reach thermal equilibrium before leaving the 
filament, they carry away n(6+1,2)k7 ergs cm™ sec."', so that the total 
energy loss in ergs cm~* sec. | 


We = (B+ 3)pk(T — T,)/ (2amkT,)"2. (5) 


is’ 


If the molecules do not reach thermal equilibrium, the total energy loss IV’, 
per cm length of the filament is a fraction of md W such that 


We. = ard (6) 
and 
a = W(2mkT,/m)'!2,/ [d(B + I) pk(T — T.)|]. (7) 


The experiments which will be described in this paper were made with 
hydrogen at 0.20 mm pressure in a cylindrical tube 6.4 cm in diameter con- 
taining hairpin filaments of tungsten wire 0.00779 cm in diameter. 

Expressing W’. in watts per cm, pin mm of Hg, and placing d =0.00779 
cm, and m=3.32K10-" g for hydrogen, we have 


a = 119.5.(7,)'2, [(8 + 3)p(T — T.)). (8) 
EVIDENCE THAT SURFACE FILMS ARE FORMED ON THE FILAMENT 


Preliminary measurements of the heat loss from a tungsten filament in 
hydrogen at constant pressure gave results that were reproducible at high 
filament temperatures (above 2000°K), but when the filament was operated 
at a dull red heat the wattage consumed at a given resistance was higher 
in some experiments than in others. Since such variations never occurred 
when the filament was in vacuum, the change in heat consumption was at- 
tributed to a change in the heat loss to the gas. It was found that the change 
had been occasioned by the procedure of sending a discharge of a few milli- 
amperes at 100 volts through the gas, for a filament that had been cathode 
of this discharge would subsequently show a higher heat loss than a filament 
that had been anode or disconnected in the discharge, or that had been in- 
candescent in the presence of hydrogen with no discharge. But a filament that 
had the property of showing a high heat loss would lose this property instan- 
taneously if heated to 2000°K or more in hydrogen without a discharge. 


7 Int. Crit. Tables, V, 82. 

8 O. W. Richardson “The Emission of Electricity from Hot Bodies”, 2nd Ed. p. 156. 

® This differs from the value given in 1915‘ by the addition of the term &/2 to the specific 
heat. Eq. (5) checks with the equation given by Knudsen 


W = 43.46 X 10-7, — T2)(ep/e. + 1)p/|(MT)"%(ep/er— 1) |g-eal. 
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These observations led to the belief that the change in heat loss was due 
to some change taking place at the surface of the filament itself, and not in 
the main body of the gas. In other words, since the factor which controls the 
transfer of heat at the surface is the accommodation coefficient, whereas the 
factor controlling transfer in the gas is the heat conductivity, the observed 
changes were to be attributed to a change in the value of the accommodation 
coefficient. This conclusion was borne out by the test of pumping all of the 
hydrogen out of the tube, and replacing it with fresh pure hydrogen; when- 
ever this was done, and whatever the heat loss of the filament might be, the 
loss was found to be exactly the same with fresh hydrogen as it had previously 
been with the old hydrogen. 

Experiments were therefore planned for the purpose of learning what 
properties of the surface were responsible for producing changes in the accom- 





WATTS 














Fig. 1. Typical curves showing heat loss from tungsten filament in hydrogen, plotted 
against resistance of filament. 


modation coefficient. The properties of the surface to be investigated fell 
into two classes: the composition of the surface layer, and the temperature of 
the surface. The procedure for investigating heat loss consisted in measuring 
the current and voltage of a filament, over a range of currents, and then calcu- 
lating the corresponding watts and resistance from these data and plotting 
them in a curve, similar to one of the curves in Fig. 1. The curves marked A 
and B represent the heat lost by a filament in hydrogen, and the curve marked 
V the loss from the same filament in vacuum. The vertical distance from an 
A-curve or a B-curve to the corresponding point on the V-curve is therefore 
a measure of the heat lost to the gas when the filament has the temperature 
which corresponds to the resistance at which this vertical distance was meas- 
ured. 

Any change which takes place in the accommodation coefficient causes 
the rate of loss of heat by the filament at a given temperature to be changed, 
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so that the watts measured at any given resistance Rp are caused to vary 
along a line such as the line OP in the diagram, moving in the direction of P 
as the coefficient increases. Thus in order to study the effect which the com- 
position of the surface layer had upon the accommodation coefficient, the 
surface was subjected to a variety of treatments, and after each treatment the 
watts were measured at a chosen resistance which was the same for every test 
and was called the testing resistance. When studying the effect which tem- 
perature alone might have upon the accommodation coefficient, the composi- 
tion of the surface layer meanwhile remaining constant, it was found that 
there were certain ranges of temperature within which the temperature of 
the filament could be shifted up or down without altering the surface layer, 
and data taken in this way lay along one of a family of curves such as A or B. 
The first tube contained three filaments which could be operated independ- 
ently of one another, making it possible to study the simultaneous effects 
which any process taking place within the tube had upon filaments of differ- 
ent temperatures and potentials. 

As soon as it was known that a filament showed a higher heat loss at 
1000°—1400°KX in some experiments than in others, due to the treatment which 
the filament had received in a 100-volt discharge, an effort was made to 
single out the individual factors in the experimental conditions which led to 
this effect. As a result, methods were gradually found of widening the spread 
in the values of the heat loss until the spread could be made much greater 
than had been at first observed. As the experiments proceeded it became ap- 
parent that the values of the heat loss tended to group themselves about a 
maximum and a minimum value in a way that suggested that there were two 
distinct states in which the filament surface could exist; and that all values 
between the maximum and the minimum represented a surface condition 
intermediate between these two states. The filament states were therefore 
named JY, the state having the maximum heat loss to the gas Wy, and X having 
the minimum heat loss Wx. The wattage consumed by the filament in vacuum 
will be called Wy; then Wy and Wx each represent the difference between to- 
tal wattage consumed by the filament at a given temperature in hydrogen, 
and the corresponding Wy for the same temperature. In the earliest observa- 
tions Wx was 0.9 Wy to 0.5 Wy; recent experience has shown that suitable ex- 
perimental technique widens the spread between Wx and Wy so that at cer- 
tain temperatures Wx <0.3 Wy. 

It was natural to try the hypothesis that one of these states represented 
a clean metal surface, and the other a contaminated surface. Since a very sen- 
sitive test of the purity of tungsten on the surface of a filament is readily 
available by measuring the electron mission in vacuum and comparing the 
currents with the known values of the emission from pure tungsten,!° the tube 
was evacuated and baked until the filaments gave normal emission. When 
hydrogen was then admitted to the tube and the filament tested for W at a 
dull red heat, it was found to be in state Y; but at higher temperatures it 
immediately started to creep toward X, and only by making the filament 


10 H. Jones and I. Langmuir, Gen. Elec. Rev. 30, 310 (1927). 
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negative in a discharge could it be caused to return to Y, as long as there was 
hydrogen in the tube. If the filament was in state X, and the hydrogen was 
then pumped out of the tube and the filament tested for electron emission in 
vacuum, the emission was found to be far below normal, as it is when a tung- 
sten surface has become contaminated. From these observations the conclu- 
sion was drawn that state Y corresponds to a clean tungsten surface, and 
state XY to a surface contaminated with a substance which will be called sub- 
stance X. 

In the early experiments which were conducted with the tube in a water 
bath at room temperature, state Y proved to be very troublesome to study, 
because of the difficulty of maintaining the filament in this state for a time 
long enough to make consistent measurements. At temperatures above about 
1300°K the wattage of the filament had to be lowered every minute, or half 
minute, in order to keep the resistance constant, which meant that the sur- 
face conditions were changing over into state XY. At higher temperatures the 
change became so rapid that there was doubt whether a true state Y was ever 
attained at these temperatures. The rate at which the filament departed from 
Y was entirely erratic, and was apparently governed to a large extent by 
whatever processes had previously taken place in the tube. 

The fact that substance X lowered the electron emission from tungsten 
suggested that this substance contained oxygen, for oxygen is known to have 
similar effects on the electron emission from tungsten."! This is in agreement 
with the recent experiments of Farkas” who found that oxygen lowered the 
accommodation coefficient of hydrogen in contact with tungsten at tempera- 
tures above 625°K. 

Since it was known’: that hot tungsten dissociates molecular He into 
atomic H and that atomic H will reduce oxides to form water vapor, the ex- 
periment was tried of immersing the tube in liquid air so that any water 
vapor formed in the tube would be removed from the gas phase as fast as it 
was formed. The heat loss from the filament at any given temperature was 
now greater than it had been before, due to the lower temperature of the gas 
molecules striking the filament, but the cold walls were found to have a 
marked effect upon the experimental results entirely apart from this cause. 
It was found that the highest values of Wy were now obtained by the treat- 
ment of flashing the filament at 2500°K or more, whereas with the walls at 
room temperature this treatment always left the filament in state XY. It was 
no longer necessary to make use of a discharge to produce state Y, the state 
which represents clean tungsten; on the contrary, when the filament was 
negative in a discharge the resulting values of Wy were never higher than 
those obtained by flashing, and were often lower. On the other hand, the 
standard method of obtaining state X by heating the filament was now in- 
operative, and the only way that the filament could be brought into state X 


"], Langmuir, Ind. and Eng. Chem. 22, 390 (1930); I. Langmuir and D. S. Villars, 
J.A.C.S. 53, 486 (1931). 

® A. Farkas, Zeits. f. physik. Chem. (B) 14, 371 (1931). 

|, Langmuir, Gen. Elec. Rev. 29, 153 (1926). 
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was by lighting a neighboring filament. It made no difference whether the 
neighboring filament were the hot cathode in a discharge, or were burning 
without a discharge, this procedure always left the test filament in state Y 
(with the single exception that if the test filament were charged to — 100 
volts or higher negative potentials with respect to the anode during the time 
of a discharge, it would be brought to state VY, as stated above). Moreover, 
state ¥ was now fairly easy to maintain, and state Y had become the trouble- 
some state to study because it tended to change over into Y. 


EXPERIMENTAL TECHNIQUE FOR WORKING WITH STATE VY 


The experience gained in the course of trying to bring the filament to one 
state or the other under many sorts of conditions has shown that the state of 
the filament can be controlled with little difficulty, provided that certain ex- 
perimental conditions are met, but that if these conditions are neglected the 
observed values will “creep” in a very persistent and annoying fashion. 

In order to maintain a filament in state Y, it is imperative that the gas 
within the tube be kept free from both oxygen and water vapor. The presence 
of the smallest trace of either of these substances in the gas will cause the 
filament to depart from Y in a short space of time, i.e., in a few seconds, or 
at the most a few minutes. When preparing to study state Y, it is a good plan 
to observe, first, the pure electron emission from the filament in vacuum as a 
test of whether the bake-out of both tube and connecting system has been 
satisfactorily accomplished, for experience has shown that unless conditions 
in the tube are such that a filament can maintain normal saturation emission 
in vacuum for a long time, a filament in this tube will never be able to main- 
tain state Y when the hydrogen is admitted. However, if the electron emission 
is normal, it by no means follows that state Y will always be constant, for a 
tube may remain free from water vapor when the filaments are operated in 
vacuum, but not when they are operated in hydrogen, since lighting the fila- 
ments will cause atomic H to be formed and this will react with oxides that 
are present on the filament leads and the walls of the tube to form water 
vapor. 

The only experimental procedure found up to the present time which will 
vield consistent and reproducible data on state Y is that of keeping the tube 
immersed in liquid air while the experiments are in progress. Hence it appears 
that the tendency of the filament to become contaminated by a substance 
or substances which are formed by the atomic H which the filament itself pro- 
duces, can be overcome only by removing these substances from the gas as fast 
as they are formed, and that cooling the tube in liquid air removes the greater 
part of them. If there is much oxide on the walls, the atomic H also produces 
from this oxide small quantities of oxygen or oxide in a form which does not 
remain condensed on the walls at liquid air temperature, but reaches the 
filament. Oxygen from this source is not troublesome after the oxides on 
the walls have been reduced. 

A deposit of potassium or magnesium on the walls of the tube has not been 
found so satisfactory an agent for removing contaminations as the liquid air. 
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The failure of these substances to accomplish the complete removal of oxygen 
in these experiments is significant, in view of the fact that they are both highly 
effective agents for this purpose in vacuum tubes. For example, we know 
that when potassium or magnesium is vaporized on to the walls of tubes con- 
taining thoriated filaments, these filaments will maintain normal electron 
emission for great lengths of time, although if the same type of filament 
is exposed to a trace of oxygen its emission instantly falls to a minute fraction 
of the normal value. We attribute the failure of these agents in the case of a 
tube containing hydrogen dissociated by a hot filament or by a discharge, to 
the reaction of the atomic H with the K.O or MgO which are formed on the 
walls when a deposit of IX or Mg cleans up residual oxygen or water vapor. 
Asa result of this reaction with atomic H these oxides become partly reduced, 
and oxygen is liberated in the gas phase as free oxygen or water vapor. In 
general, this oxygen or oxide will then traverse the tube only once, for it will 
be taken up by Ik or Mg wherever it makes its next impact with the wall. 
But it may subsequently be set free again by atomic H and the process 
repeated in a cycle, so that whenever there is atomic H in the tube there may 
also be a slight concentration of oxygen and water vapor in the gas phase. 

We have already said that when the tube was cooled in liquid air without 
a deposit of IX or Mg on the walls, oxygen ceased to be troublesome after the 
oxides on the walls, which in this case were oxides of tungsten, had been re- 
duced. We therefore conclude that under these conditions the process was not 
repeated in a cycle. The process differs from that described in the preceding 
paragraph in that tungsten at the temperature of liquid air combines only 
very slowly with water vapor, so that oxygen which at first appears in the 
tube in the form of oxides of tungsten, is ultimately converted to a great ex- 
tent into water vapor condensed on the walls. Tubes which had a thin deposit 
of tungsten on the walls, vaporized from one of the filaments, were found to 
give far less trouble in maintaining a clean filament than tubes with bare 
glass walls, so that forming such a deposit has been included in the regular 
practice of preparing a new tube for these experiments. The tungsten keeps 
atomic H away from the glass, which is composed of several different oxides, 
and also acts as a catalyst to cause atomic H to recombine to form molecular 
Hp. 

The tubes used in our experiments were made of Pyrex glass and were 
sealed to a vacuum system. Each new tube was evacuated and baked for 1 
hour at 460°C, and afterwards whenever it was opened to the air or when 
water vapor had access to the tube, it was thoroughly torched with a Bunsen 
flame while being re-exhausted. It was imperative that at least two traps 
cooled in liquid air come between the tube and the main vacuum system, to 
keep the water vapor that was baked out of the tube from diffusing back into 
it again; and this protection was effective only when the trap nearest the tube 
was baked every time that the tube was baked, for if the nearest trap were 
left in liquid air during the bake-out, water vapor would collect in the inch 
or two of cold tubing that adjoined the liquid air flask, and would diffuse back 
into the tube at some later time. The traps and connecting tubing were 





86 K. B. BLODGETT AND I, LANGMUIR 


therefore made of Pyrex glass for greater convenience in torching with a 
Bunsen flame. Experience has shown that the sensitiveness of a filament in 
state Y to the presence of water vapor is so great that if one neglects the 
bake-out of the connecting tubing and liquid air trap, the measurements are 
apt to show troublesome and erratic variations which do not appear when 
the tubing is properly baked. 

Hydrogen was admitted through a hollow platinum tube 0.15 cm in di- 
ameter and 7.0 cm in length, sealed to the system. Platinum must be sealed 
into soft glass and therefore had to be joined to the rest of the system through 
a glass seal graded from soft glass to Pyrex. When a tube of this sort is brought 
to red heat in a Bunsen flame the hydrogen present in the flame penetrates 
the platinum wall and enters the system; it took about 5 minutes to fill the 
system in this way with hydrogen at 0.20 mm pressure. This is known to bea 
method of obtaining hydrogen which is free from all impurities and has the 
added advantage that hydrogen can be introduced to a system without the 
use of stop-cocks. Our system had no stop-cocks connecting the experimental 
tube, traps and platinum tube, and these were shut off by a mercury trap 
from the rest of the system. 

There is sometimes danger that traces of oxygen may be held adsorbed to 
the glass walls of one of the traps when the liquid air on the trap has nearly 
the temperature of liquid nitrogen, and this oxygen will later evaporate from 
the trap and diffuse into the tube as the level of the liquid air falls. We have 
had evidence in these experiments that oxygen is sometimes stored in this way, 
and therefore the measurements that will be given in this paper were all made 
with a charcoal U-tube, cooled in liquid air, separating the tube from the main 
system. A charcoal tube is not needed, however, except when making refined 
measurements, and its presence makes the experiments more troublesome 
since charcoal absorbs large volumes of hydrogen and then gives up hydrogen 
quite rapidly with increasing liquid air temperature, so that one must take 
precautions to hold the pressure constant. 

Experimental results, state Y. The measurements were made in a tube 
containing two parallel hairpin filaments all made of pure tungsten wire 
0.00779 cm in diameter. The data in Fig. 2 were taken with filament }, which 
was 40.7 cm long; filament a was 30.3 cm long. The curves show the watts 
consumed in 0.20 mm hydrogen, plotted against the resistance. The entire 
tube, including the leads, was immersed in liquid air. Two temperature scales 
are given on the graph. The upper scale, 7',,, represents the maximum tem- 
perature at the center of the filament for a given resistance, and was calcu- 
lated from the current!® which brought the filament to the same resistance in 
vacuum. But a filament of the dimensions of filament ), running at 1000°K 
or less, can maintain its maximum temperature for only a part of its length at 
the center, the remainder of the filament being cooled by loss of heat to the 
leads. Calculation“ shows that at 7,,=1000°K, 17.9 percent of the filament 
has a temperature 20 degrees or more below the temperature at the center; at 
T » = 800°K, 26.8 percent shows a similar cooling, and at 600°K, 48.7 percent. 


4 T, Langmuir, S. MacLane, K. Blodgett, Phys. Rev. 35, 478 (1930). 











ACCOMMODATION COEFFICIENT OF HYDROGEN 87 


Because of the lack of uniformity of temperature along the filament, it was 
necessary to choose a method of estimating an average temperature of the 
entire filament which would serve as an approximate value to be used in 
making calculations of heat loss. The lower scale, 7, in Fig. 2 represents this 
average which was taken to be the temperature corresponding to the average 
resistance. 

In the range of temperatures shown in Fig. 2 the heat loss due to dissocia- 
tion of Hz into atoms was negligible. Hz dissociates in the presence of a hot 
tungsten filament at a rate which consumed approximately 0.25 watt when 
filament b was at 1600°K. At higher temperatures the heat consumed by dis- 
sociation becomes a very large factor in the heat measurements, for it in- 
creases 25-fold between 1600°K and 2000°K, and at temperatures above 
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when the filament is free from oxygen. 
Hydrogen at 0.20 mm pressure. 7, re- 
presents maximum temperature in deg. 
K at center of filament. 7, represents 


that hydrogen adheres to tungsten. 
Wattage of filament 6, measured at a 
testing resistance of 6 ohms, after the 
filament had been subjected to various 








average temperature, calculated from heat treatments. 


the resistance. 


2400°IKX constitutes the greater part of the total heat loss to the gas. But al- 
though the dissociation of Hy below 1600°K was unimportant from the stand- 
point of the heat which it consumed, a small amount of dissociation neverthe- 
less took place at considerably lower temperatures and the resulting atomic 
H could be detected by effects which will be described later in this paper. 
Before taking the data plotted in Fig. 2, filament } was brought to state Y, 
i.e., rid of surface contaminations, by flashing it in 0.001 mm of hydrogen at 
2800°KK. The hydrogen residue was due to the presence of the hydrogen ad- 
sorbed in the charcoal tube. The effect was the same as that of flashing ina 
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good vacuum, so that hereafter this treatment will be called flashing in vac- 
uum. It was said earlier in this paper that a filament can be rid of oxygen by 
being flashed at 2500°K or more in hydrogen. This was true of a filament 
0.0125 cm in diameter and 11.4 cm long, which had only 20 volts across the 
leads when it ran at 2500°K in hydrogen. Filament 6 took 47 volts at 2000°K 
in hydrogen, so that at higher temperatures a large fraction of the current 
passed from one lead to the other in a gaseous discharge, and the ends of the 
filament were much hotter than the center. A filament can be almost com- 
pletely rid of oxygen at 2000°K in hydrogen, however, and will remain free 
from it when cooled to 1400°K or lower temperatures, provided that the 
oxides on the walls have been previously reduced, or have been covered by a 
fresh layer of tungsten evaporated from the filament; there was another rea- 
son why it was important to flash the filament in vacuum which will appear 
presently. 

After the vacuum flashing, hydrogen was admitted to the tube while the 
filament was at 80°K. The dotted curve in Fig. 2 represents the heat loss from 
the filament as the temperature was raised from 80°K; the solid curve the heat 
loss as the temperature was then slowly lowered from 1100°K, the tempera- 
ture remaining for at least one minute at each of the points that mark the 
descending curve. Upon again raising the temperature it was found that the 
ascending curve exactly retraced the solid curve. If the filament was allowed 
to cool rapidly from 1100°K to 80°K by switching off the filament current, 
and the heat loss then measured at about 400°K, it was found to have a 
value intermediate between those of the two curves, and never returned to 
the high value of the initial curve until the filament was again flashed in 
vacuum. We interpret these results to mean that hydrogen attaches itself to 
tungsten in a stable film which forms more rapidly at 600°-1000°IK than at 
80°K, and that in the neighborhood of 1000°KK the process takes place so 
rapidly that whenever a filament is cooled suddenly from temperatures 
above 1000°K to low temperatures, it always becomes partly coated with 
hydrogen as it passes through this temperature range. 

Fig. 3 represents a more detailed analysis of this effect. The experimental 
procedure used in the analysis is one that is suited to a wide variety of studies 
of surface conditions, and we shall therefore call attention to the scheme of 
procedure. The filament is subjected to processes which take place in three 
separate steps. First, the surface is “conditioned”; by this we mean that a 
given state of the surface is chosen to be the initial condition for a series of 
experiments, and the filament is brought to this condition. For example, in 
the preceding paragraph the filament was conditioned by being flashed in 
vacuum and then held at 80°K while it was brought into contact with hydro- 
gen. In general, the treatment chosen for conditioning a surface is one that is 
accurately reproducible, so that different sets of experiments may be started 
from identical initial conditions. 


The second step is to “treat” the filament, by which we mean that it is 
subjected to processes of a nature which tend to alter the condition of the 
surface, causing it to depart from the initial condition. Very often the treating 
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is done in many consecutive repetitions of the same operation, these repeti- 
tions taking place at measured intervals of time or of temperature. In order 
to measure the effect of “treating” the filament we must have the third step, 
which is “testing” the filament. This is done by measuring some one property 
of the surface which changes whenever the surface changes; in our experi- 
ments this property was the heat loss to the gas at a given temperature. 
Since most properties of surfaces are functions not only of the state of the 
surface but also of its temperature, it is important that data taken for the 
purpose of testing the state of the surface should all correspond to a single 
temperature. For this reason it is generally far more satisfactory to adopt the 
practice of testing the surface at a given “testing temperature” which is the 
same for all tests, than to risk the uncertainties involved in converting data 
by calculation to the values that correspond to one temperature. 

Our practice consisted, therefore, in treating a suitably conditioned fila- 
ment in a given manner for a given length of time, and then lowering the 
temperature to that corresponding to a “testing resistance”; it is clear that 
the testing temperature should be chosen well outside of the range of the 
“treating temperatures” wherever this is possible, so that the condition of the 
surface will undergo no change during the time required to make the test. 
The data plotted in the curves in Fig. 3 were obtained at a testing resistance 
of 6 ohms which corresponded to 7°’, =568°K, 7,=357°K. They represent 
the wattage required to bring filament / to this resistance after the filament 
had been treated for 1 minute in hydrogen at the treating temperature which 
is plotted as abscissa. 

Curve (1) represents a surface conditioned in the same way as for the “ini- 
tial” curve in Fig. 2, that is, the filament was flashed in vacuum before each 
heat treatment in hydrogen. Similarly Curve (3) corresponds to the “final” 
curve in Fig. 2, for the points were measured consecutively as the treating 
temperature was lowered in short steps. In Curve (2) the surface received 
the same “treating” as in Curve (1), but started from a different initial condi- 
tion, for it was conditioned by being cooled suddenly from 1100°K or higher 
temperatures in hydrogen, instead of being flashed in vacuum. The heating 
at 1100°K and rapid cooling were repeated after each point on Curve (2) was 
obtained, so that the filament was always brought to its initial condition in 
which it consumed 0.881 watt at the testing resistance before the next meas- 
urement on this curve was made. 

At 7’, =1000°K Curve (3) starts to fall rapidly with decreasing temperature 
reaching its lowest value in the neighborhood of 7,=640°K, and we have 
made the hypothesis that this falling off in the heat loss is due to a hydrogen 
film which forms on the filament. Curve (2), on the other hand, follows the 
course of Curve (3) rather closely between 7°,=900° and 7,=1000°K, but 
departs from it widely at lower temperatures. The difference between the two 
curves is due to the slow rate of formation of the hydrogen film at low tem- 
peratures. For in Curve (2) the filament has only 1 minute at each tempera- 
ture for the film to form, whereas in Curve (3) with slowly falling temperature 
the film reaches the equilibrium value characteristic of each temperature. 
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In other words, Curve (3) is the limit which Curve (2) would reach after a 
great length of time. The equilibrium value must represent a balance between 
the rate at which hydrogen attaches itself to tungsten and the rate at 
which it evaporates. For this reason the film is not complete at temperatures 
above about 770°K, for the rise in Curve (3) at 7,=640°K is due to the tem- 
perature of the hottest part of the filament which is then at 7’,,=770°K. It is 
clear from the low-temperature end of Curve (2) that the rate at which hydro- 
gen attaches itself to tungsten increases rapidly with increasing temperature; 
it is also clear from Curve (3) that the rate at which hydrogen evaporates 
from tungsten increases rapidly with temperature; and from the shape of 
Curve (2) which passes through a minimum and then ascends to higher values, 
we see that the rate of evaporation of the film must increase more rapidly with 
temperature than the rate of formation. 

The appearance of the high-temperature ends of these curves is deceiving. 
The horizontal line drawn at 0.881 watt above 1000°K does not properly 
represent the state of the hydrogen film in this region, for it must be borne 
in mind that these measurements were all made at a low testing temperature 
after the filament had been cooled through the critical temperature range in 
which the film partly formed during the rapid cooling. Curve (1) indicates 
that the wattage of a filament entirely free from this type of film would be at 
least 1.0 watt. For this reason it appears probable that the film does not com- 
pletely leave the tungsten at 7,=1000°K, but at a temperature 100 or 200 
degrees higher. 

The data in Fig. 3 were found to be consistently reproducible, having been 
checked on many different occasions, and the same effects were observed in 
three different tubes. Some of the effects which we observed with hydrogen 
tubes, which will be described presently, were dependent upon the amount 
of oxide present upon the walls of the tube, the effects diminishing with a 
decreasing supply of oxygen. But the observations that have been described 
in this section were entirely independent of this factor, and are to be attrib- 
uted solely to the interaction of pure hydrogen with a surface of pure tung- 
sten. 


Technique for producing state X. The family of \-curves in Fig. 4 
represents the heat loss from filament 6 when the surface of the filament was 
more or less contaminated by a foreign substan-e. We have already said 
that with the tube in liquid air the way to produce contamination on the 
surface of the filament was to burn a neighboring filament in hydrogen. The 
rate at which the contamination was produced by this treatment varied with 
the temperature of the neighboring filament, increasing rapidly with tem- 
perature. But it was also found that for any given temperature of the neigh- 
boring filament the rate varied over a wide range, depending on the previous 
history of the experiment, and this variation was found to be due to the 
amount of oxide present on the walls of the tube. The rate was always highest 
immediately after baking the tube, for there was a fine deposit of tungsten 
on the walls and every time the tube was baked sufficient water vapor was 
driven out of the glass to oxidize some of this tungsten. But after either of the 
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filaments had been run for some time at a temperature at which atomic 
hydrogen was produced, the rate at which one filament could then con- 
taminate the other was cut down to a marked degree. 

Fig. 5 illustrates what is meant by the rate at which the burning of one 
filament contamintes the other. Filament 6, when clean, consumed 6.25 watts 
when it had a resistance of 21 ohms in hydrogen; when contaminated till 
it showed its minimum heat loss (state Y), it consumed 2.29 watts at the 
same resistance. Curve VX in Fig. 7 is a typical curve of a filament in a state 
intermediate between Y and X, the heat loss having been reduced by this type 
of treatment from 6.25 to 5.2 watts at 21 ohms. The curves in Fig. 5 represent 
the rate at which the transition from one state to the other takes place in 
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oxygen leaves the filament. in degrees K of filament a. 


filament b, when filament a is burned at the temperatures marked on the 
graph. In every case filament } was cold while filament @ was running, then 
filament a was shut off while filament } was tested at the testing resistance 
21 ohms. In order that data of this type should be reproducible, itwas impera- 
tive that some standard initial condition of the tube be adopted with regard 
to the amount of oxide on the walls, and for this purpose the tube was torched 
at about 450°C, while connected to the vacuum pump, preceding each run. 

The atomic hydrogen produced by burning filament a is the agent which 
gives rise to the contamination that arrives at filament 6. This was shown by 
plotting the logarithm of the reciprocal of the time required in each of the 
four runs to bring the wattage to 5.5, 5.0, 4.5 and 4.0 watts, against 1/7. The 
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plot gave four parallel straight lines, and when the logarithm of the degree o1 
dissociation of hydrogen™ at these temperatures was plotted on the same 
graph, all five lines were found to have the same slope. In other words, the 
surface of filament } was altered by a mechanism which was the same in every 
run and varied in its rate of activity only in proportion to the degree of disso- 
ciation of the hydrogen. A second run, however, taken immediately after any 
one of these at the same temperature but without an intervening torching of 
the tube, would show a greatly lessened rate of progress, a rate about one 
half as great having been measured in most instances. Moreover, when fila- 
ment a was run at 2000°K for a long time till the greater part of the oxides in 
the tube were reduced, it could then be burned at 1500°K and have almost no 
effect at all upon filament }. From these observations we conclude that atomic 
H dislodges oxygen or an oxide from walls cooled in liquid air, and that it is 
this product and not the atomic H itself which causes the reduced heat loss 
exhibited by a filament when it is in the condition that we have called state 
X. 

Examination of the curves in Fig. 5 shows that the rate at which filament 
b becomes coated is rapid at first, and then slows down very greatly after the 
coating is about two thirds complete. After the rate has become very slow 
at one temperature, it can be speeded up by raising the temperature of fila- 
ment a; this is shown at the end of the curve measured at 1724°, where the 
temperature was raised twice consecutively. A limit is finally reached at 
which raising the temperature will not avail to reduce the heat loss any fur- 
ther. This limit must represent the maximum coating of oxide which can be 
in equilibrium with atomic H and its products. Evidently a higher concen- 
tration of atomic H and its accompanying products is favorable to a more 
complete oxidation of the tungsten. 

When filament a is employed to oxidize filament 0, filament a itself also 
becomes oxidized, and for this reason the current through filament a must be 
lowered as often as proves necessary in order to hold the resistance con- 
stant. At the beginning of a run it may need to be lowered every ten seconds, 
at the end every minute. The oxidation proceeds to a less degree, however, 
than on filament }, because of the higher temperature of filament a. Part of 
the oxidizing substance leaves the surface when the temperature is high; 
this is shown by the family of X-curves in Fig. 4. Curve (1) represents the 
minimum heat loss from filament 6 that could be obtained by burning 
filament a at any temperature and for any length of time in hydrogen. Fila- 
ment 6 was not heated above 7’, =1090°KK until after the points on Curve (1) 
had been measured. The temperature was then raised to 7’, =1160°K for 30 
sec., and the resulting measurements gave Curve (2). Similarly Curves (3) 
(4) and (5) were obtained after heating the filament to 1265°, 1370° and 
1475°K respectively, the heating lasting for 30 sec. in each case, after which 
the points were measured consecutively as the temperature was lowered. 
From these curves we conclude that the oxidizing substance leaves the fila- 
ment by evaporation and reduction until the surface concentration is reduced 
to an amount that is more nearly stable at these temperatures. Most of the 

















ACCOMMODATION COEFFICIENT OF HYDROGEN 93 


removal takes place in the first 30 sec., and further heating at any given tem- 
perature produces only a very slow change. 

It is now apparent that the oxygen films produced by the processes just 
described can be readily distinguished from the hydrogen films that were 
discussed in connection with Fig. 3, because of the difference in temperature 
range at which the two films are stable on tungsten. The hydrogen film is 
practically gone at 1055°K (21 ohms), whereas the oxygen film is so stable at 
this temperature that it was chosen as the suitable testing temperature for the 
experiments of Fig. 5, in which it was important that the film should not 
change in composition while being tested. 

Experiments were made in order to learn whether a hydrogen film could 
be caused to adhere to one filament as a result of producing atomic H by the 
other. Such a film should be stable on filament } at a testing resistance of 6 
ohms but disappear at 21 ohms. These experiments were made when the 
oxides in the tube were so well reduced that oxygen films were deposited on 
filament b only very slowly even when filament a was run at 1724°K. No evi- 
dence was found for the formation of a hydrogen film; for any change which 
took place at 6 ohms also persisted at 21 ohms and was therefore attributed to 
oxygen. 

When the data for the X-curves in Fig. 4 are drawn on a volt-ampere plot 
instead of a watt-ohm plot, they show that a temperature discontinuity oc- 
curred in the neighborhood of 200°-300°K. This appears in Fig. 4 as a point 
of inflection as the curve passes through this range, but on this plot the change 
in curvature is small. The actual changes in current, however, as the filament 
temperature passed through the discontinuity from a low temperature at 
which it was stable to the next higher temperature at which it was again 
stable, were of considerable proportions. For example, the point plotted at 
2.35 ohms corresponded to a current of 0.340 amp. at 0.80 volt, whereas at 
6.42 ohms the values were 0.313 amp. at 2.01 volts. In other words, the fila- 
ment passed through a region of “negative resistance”, so that it consumed 
less current at the higher temperature than it did at the lower. This effect 
is not uncommon in volt-ampere characteristics of filaments in which nearly 
all of the heat generated by the filament is lost to a gas or to the leads.“ The 
explanation is to be found in the fact that under these conditions there is 
apt to be a certain temperature range in which the heat loss to the gas or to 
the leads is even greater than the heat input, and as the filament cannot 
maintain these temperatures, the temperature falls until the heat balance 
is restored to equilibrium. In the experiments of Fig. 4 the heat loss to the 
gas and to the leads was evidently such that it required 0.27 watt at 2.35 
ohms and 0,63 watt at 6.42 ohms, which could be secured only by having the 
higher current at the lower temperature. 


FILAMENTS OXIDIZED BY TORCHING TUBE 


A clean filament can be oxidized by torching the tube containing the 
filament with a Bunsen burner until water vapor is driven out of the walls, 
even though the tube has been baked many times before. This provides a 
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simple method of preparing a filament with a thin oxygen film evenly dis- 
tributed along its length. When the tube containing such a filament was 
cooled and immersed in liquid air, and hydrogen then admitted, the heat 
loss from the filament was found to have the values shown in Fig. 6 which 
lay along curves which will be called Z-curves. 

| Series Z (1), Fig. 6, were measured after the tube containing the filament 
had been torched for 1 minute, Series Z (2) after the filament had been more 
completely oxidized by a 6 minute torching. In Series Z (1) the dotted curve, 
which represents a filament being heated for the first time after it had been 
cooled to 80°K immediately after the torching, shows a hump at tempera- 
tures below 7,=200°K (2.9 ohms) which disappears between 200°K and 
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250°K (3.9 ohms) and does not return when the filament is cooled. This is 
to be attributed to water vapor or possibly carbon dioxide which adhered to 
the tungsten as the tube cooled after it had been torched. A similar hump 
appeared in Series Z (2) but is not shown on the graph. 

When the oxidized filament in the experiment Z (1) was first heated in 
hydrogen to 20 ohms (7,=947°K) and then cooled, the curve of descending 
temperature, marked by the solid line, departed from the ascending curve 
to a small extent, in the manner shown in Fig. 6. This is the type of departure 
which in the case of a clean filament indicates that hydrogen is attachin; 
itself to the surface, and it may have the same interpretation in the casc 
of an oxidized filament. When, however, the filament was heated to 23.5 
ohms (7,=1082°K), the departure was much more marked and acted in 
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opposite directions at the two ends of the curve. Whatever change took place 
in the surface composition of the filament, due to its being heated at this 
temperature, had the effect of raising the heat loss from the surface at high 
temperatures and lowering it at low temperatures, so that the curve ap- 
proached much more nearly the shape of the curve for a clean filament shown 
in Fig. 2. This suggests that a considerable fraction of the oxygen had been 
removed from the surface by heating it at 1082°K in hydrogen. The curves in 
experiment Z (2) show, on the other hand, that when the surface layer of 
oxygen is more nearly complete, the filament can be heated to 26 ohms 
(T,=1180°K) without raising the heat loss on the descending curve appreci- 
ably above that of the ascending curve at corresponding temperatures. This 
is in accord with the X-curves of Fig. 4 which show only a very small change 
in the surface composition after heating at these temperatures; a curve cor- 
responding to a heating at 7,=1180° would lie between (2) and (3) in Fig. 4. 
Curve Z (2) closely resembles one of the lower X-curves, as can be seen from 
Fig. 7. We conclude that curve Z (1) corresponds to a composite surface layer 
of oxygen and hydrogen, in which some of the oxygen was replaced by hydro- 
gen more readily than in curve Z (2) because of the fact that the original 
oxygen layer was incomplete. 

A curve of each type, taken from Figs. 2, 4 and 6, together with a YX 
curve, is plotted in Fig. 7, which also shows the curve obtained at low tem- 
peratures when a very small quantity of free oxygen is added to the hydro- 
gen mixture. The charcoal U-tube was removed, the experimental tube 
evacuated and the filament flashed, and a small amount of oxygen admitted 
which was then pumped down to 0.001 mm. The data for the curve were 
taken after a pressure of 0.20 mm of hydrogen had been added to the oxygen 
and the tube had been allowed to stand in liquid air for one hour. When 
oxygen is present in the gas phase, the heat loss at low temperatures often 
creeps toward higher values as time elapses, so that the experimental values 
have not as yet been reproduced with nearly the precision of the experiments 
made in the absence of oxygen. This is particularly true of the measurements 
made above 800°K, for at this temperature oxygen reacts with tungsten in 
such a way as to form successive layers of oxide on the surface, so that the 
filament is continually changing. For this reason the data in the section of 
the oxygen-curve which lie below 3 ohms were taken before the filament had 
been heated to higher temperatures in the presence of oxygen, and the higher 
end of the curve must be regarded as only an approximate continuation of 
the lower end but was sufficiently reproducible to make it plain that the 
oxygen-curve always crosses the Y-curve. Farkas has observed the same 
phenomenon. 

The oxygen curve has a hump at its lower end which closely resembles the 
hump in the Z-curves of Fig. (6), but unlike the Z-curves the hump in the 
oxygen curve is retraced when the filament is heated to higher temperatures 
and then cooled. Hence we know that the increased heat loss at low tempera- 
tures, represented by the hump, is the result of a film of oxygen which settles 
on the tungsten surface when there is free oxygen present in the gas phase. 
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These results are to be compared with those of Roberts‘® who measured 
accommodation coefficients in helium and found the coefficient of a “dirty 
surface”, i.e., a tungsten filament which had stood over night in the appara- 
tus, was increased 3-fold over that of a clean filament. His paper does not tell 
at what temperatures these coefficients were measured, but presumably they 
were not far from room temperature. 


CALCULATION OF ACCOMMODATION COEFFICIENT 
Fig. 8 shows the data from which the accommodation coefficient a, was 
calculated. The values of a, calculated from Eq. (8) are tabulated in col- 
umn 6 of Table II and plotted against 7, in Fig. 9. Wy and Wy in column 
2 represent the heat loss from the entire filament to the gas. 7°, in column 3 
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at 0.20 mm pressure in contact with tungsten. 
ay represents tungsten free from oxygen. ay repre- 
sents tungsten to which oxygen has adhered in the 
presence of atomic H. 


was calculated from Eqs. (2) and (3) using the value for the diameter of the 
tube b=5.0 cm, derived from the average distance of filament }) from the 
walls. \ in column 4 represents the mean free path length of a hydrogen 
molecule at temperature 7, and 0.20 mm pressure, calculated for an ideal 
gas from the value \=14.6 cm at 25°C and 0.001 mm. Column 5 gives the 
average values of 8 for the temperature range 7, to 7. Column 7 shows 
what the heat loss from the filament would be if a were equal to unity; col- 
umn 8 the corresponding values of 7. Similar calculations of @ for the case 


of filament } in hydrogen containing 0.5 percent of oxygen are given in Table 
Ill. 


% J. K. Roberts, Proc. Roy. Soc. 129A, 146 (1930). 
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TABLE IT. 
Oheerend W Theoretical 1 
calc. for a=1 

(1) (2) (3) (4) (5) (6) (7) (8) 

Wy B 
“Final” ca d Average ay Wy To 

deg. K Watts deg. K cm le tO i> Watts deg. K 

150 0.215 86 0.021 1.84 0.195 
200 0.346 91 0.022 1.97 0.180 1.38 115 
300 0.570 96 0.024 2a 0.151 
400 0.80 102 0.025 2.27 0.143 3.82 155 
500 1.11 109 0.027 2.34 0.153 
600 1.56 118 0.029 2.38 0.179 6.15 184 
700 2.21 130 0.032 2.42 0.222 
800 3.03 143 0.035 2.46 0.274 8.34 209 
900 4.21 160 0.039 2.49 0.354 
1000 5.69 178 0.044 2.52 0.449 10.54 229 
1100 6.79 192 0.047 2.55 0.500 
1200 rae 203 0.050 2.57 0.531 12.70 247 
1400 9.17 216 0.053 2.61 0.537 14.86 264 
1600 10.17 226 0.055 2.65 0.519 16.97 280 

Wy 

“Initial” 

150 0.262 88 0.022 1.84 0.248 
200 0.435 93 0.023 1.97 0.233 
300 0.78 102 0.025 2.17 0.219 
400 1.15 110 0.027 2.27 0.220 
500 1.58 118 0.029 2.34 0.226 
600 2.04 127 0.031 2.38 0.248 

Wx ay 
150 0.228 86 0.021 1.84 0.207 
200 0.317 90 0.022 1.97 0.163 
300 0.487 94 0.023 2.17 0.126 
400 0.66 99 0.024 2.27 0.116 
600 1.03 107 0.026 2737 0.111 
800 1.36 115 0.028 2.44 0.106 
1000 1.56 118 0.029 2.49 0.094 














Values of @ calculated for filament 6 of tungsten wire, length 40.7 cm, diameter 0.00779 
cm, in 0.20 mm pressure of pure hydrogen. 

ay refers to a filament free from oxygen. 

ax refers to a filament to which oxygen has adhered in the presence of atomic //. 


TaBLeE III. Values of a calculated for filament b in a mixture consisting of 
0.20 mm pressure of hydrogen and 0.001 mm pressure of oxygen. 











(1) (2) (3) (4) 
qT; Wy yp 

deg. K Watts deg. K a 
150 0.410 92 0.422 
300 0.70 100 0.193 
500 1.32 114 0.189 
700 2.00 127 9.198 
900 2.99 143 0.232 


The outstanding feature of the ay curves in Fig. 9 is the sharp drop with 
decreasing temperature from ay =0.531 at 1200°K to ay =0.143 at 400°K 
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for the “final” condition of the filament surface. The drop in ay in Fig. 9 
occurs in the same temperature range as the change in filament surface 
represented by Curve (3), Fig. 3. In Fig. 3 the change in the condition of the 
surface caused the heat loss from the filament at 7,=357°K to be decreased, 
so that ay at this temperature had the values shown in Fig. 9 which are 
0.219 for the “initial” curve and 0.145 for the “final” curve. In discussing Fig. 3 
this change was attributed to a hydrogen film which attaches itself to tung- 
sten at these lower temperatures, and we now attribute the entire drop from 
the maximum ay =0.54 to the presence of adsorbed hydrogen. The data of 
Fig. 9 enable us to amplify our theory of this adsorption. 

We assume that at 7} =1300°K the tungsten is bare, all hydrogen films 
having evaporated from the surface, and that a; =0.54 therefore represents 
the accommodation coefficient of hydrogen striking a bare tungsten surface. 
Above 1400°K the determinations of ay are subject to inaccuracies resulting 
from the dislodging of oxygen from the walls by atomic H. The conclusion 
that the surface is bare was reached in an earlier paper’ which dealt with 
measurements made over a wide range of pressures. In the early work the 
measurements were made with the walls of the tube at room temperature, 
which accounts for the low value ay = 0.19 obtained at 7 = 1500°K; for under 
these conditions the filament would be attacked by water vapor as soon as 
atomic H was formed in the tube, with the result that the surface would not 
be free of oxygen until it reached 7 >2000°K, at which temperature oxygen 
evaporates rapidly from tungsten.!” 

The value ay = 0.54 is to be compared with calculations of ap, the fraction 
of hydrogen molecules striking a tungsten surface which are dissociated and 
leave the surface as atoms. At very high temperatures ap is the same as Qo, 
calculated in 1915, and is derived from the following considerations. The heat 
consumed by the dissociation of gas molecules constitutes, at high tempera- 
tures, the greater part of the heat loss from a tungsten surface in hydrogen. 
It was found experimentally in 1915 that the heat loss due to dissociation in- 
creased with rising temperature, but that at low pressures it reached a limit- 
ing value at 2700°K and kept this value at higher temperatures. This maxi- 
mum was considerably less than the heat loss that would have resulted if all 
the molecules striking the surface had been dissociated and had left the sur- 
face as atoms. Hence it is evident that only a limited fraction of the molecules 
could be thus dissociated. Recent recalculation* of the 1915 data gives ap 
= 0.49 as the value for this fraction. 

The rather close agreement between ay =0.54 and ap=0.49 does not 
necessarily mean that the mechanisms which fix these limits are the same 
in the two cases. In the case of ay the value 0.54 may represent either an 
average in which all of the gas striking the filament takes up 54 percent of the 
amount of energy which would bring the gas to thermal equilibrium with the 


6 T, Langmuir, J.A.C.S. 38, 1155 (1916). 

17 T, Langmuir and D.S. Villars, J.A.C.S. 53, 486 (1931). 

* The heat loss due to dissociation, in watts per cm length of the filament is Wp= (4.19 
md)apnQ/N, where Q is the heat of reaction at constant volume in the reaction J/7,=2H, and 
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surface; or an average in which 54 percent of the gas reaches thermal equili- 
brium while the rest rebounds from the surface with zero change in energy. 
We have no way of distinguishing between these two general alternatives. 
In the case of ap, on the other hand, we know that 49 percent are disso- 
ciated while the remaining 51-.percent leave the surface without. carrying 
away with them a quantity of heat which would correspond to partial dis- 
sociation; for any such quantity of heat should increase with rising tempera- 
ture and no increase was observed at temperatures above 2700°K. 

We shall now consider the region in Fig. 9 where ay has low values. At 
every temperature from 150° to 1200°K ay is less than 0.54, and in the 
greater part of this range ay is less than 0.25. When ay is less than 1.0, that 
is, when a molecule striking a surface fails to reach thermal equilibrium with 
the surface, it means that the time 7 during which the molecule remains on the 
surface is too brief. In general, a molecule striking a surface is adsorbed, and 
after an interval of time 7 it evaporates, the length of life on the surface de- 
pending on the temperature and nature of the surface and of the gas. When 
7 is so brief that it equals the time of collision between two molecules, that 
is, a time of the order of 10~-" sec. for hydrogen, we commonly say that the 
molecule is not adsorbed on the surface but is reflected from it. We assume 
that the life ty which a molecule requires in order to reach thermal equi- 
librium on a surface, depends on the nature of the surface, since different 
surface layers because of their chemical composition or geometrical configura- 
tion do not lend themselves equally readily to a rapid interchange of energy 
with molecules of the gas in question. When t <rT7 we have ay <1. 

Since 7 is inversely proportional to the rate of evaporation, we know that 
t for any given surface increases as the temperature of the surface decreases. 
If, then, the tungsten suffered no change in composition of its surface layer 
as its temperature was lowered from 1200°K, we should expect ay to increase 


N is the number of molecules in a gram mol. (6.06 X 10%). Q has the value 101,200 cals. per gram 
mol. at 2800°K. I’p is derived from the observed heat loss Wy after calculating We by Eq. (7), 
since Wp=Wy—We. With a filament of diam. 0.00706 cm, at 2800°K, the quantities involved 
were as follows, calculated for ay =0.54 and ay =0.80 in Eq. (7): 











Press. | Wu 

















. | | We | Wo | 
mm | Watts/cm “ | deg. K | Watts/em | Watts/cm “. 
0.015 0.191 0.54 303 | 0.028 0.163 0.490 
0.039 0.50 0.54 315 0.070 0.430 0.506 
0.015 0.191 0.80 305 0.042 0.150 0.452 
0.039 0.50 | 0.80 322 0.102 | 0.398 0.474 
| | Weighted mean 0.49 














We know that ay =0.54 at 1300°K and have no evidence that it rises above this value at higher 
temperatures. The table shows, however, that even if ay were 0.80 the calculated values of 
ap would not be greatly altered. The difference between a:=0.68, calculated in 1915, and ap 
=0.49, given above, is due mainly to a difference between the old values of Q and new values 
published in 1926. 
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as the temperature falls. Since ay on the contrary decreases, we conclude 
that the surface is no longer bare tungsten at these lower temperatures, but 
that hydrogen adheres to it in a film. This conclusion must be applied to both 
the “initial” and the “final” states of the filament, since in both states ay 
falls far below 0.54. The films in the two states are not identical, however, 
and we need to consider the relationship that exists between them. 

Langmuir, Taylor'’ and others have come to the conclusion that films 
adsorbed on surfaces must be classified according to the mechanism of ad- 
sorption which holds them, and that adsorption processes must consequently 
‘e divided into at least two general types. In general, molecules attach them- 
selves to a surface by a process of the first type, called “normal” adsorption, 
and the adsorbed layer then changes over into the second type, called “modi- 
fied” adsorption, slowly at low temperatures and more rapidly at higher 
temperatures. In the case of hydrogen on tungsten the experiments show that 
the “initial” film forms from molecular hydrogen at any low temperature 
that we have employed, whereas the “final” film forms only slowly at tempera- 
tures under 1000°K. The final film has an accommodation coefficient which 
at 400°K is two thirds of that for the initial film, which suggests that the 
field of force of the tungsten is more completely saturated by the final than 
by the initial film. We consider that these data afford a typical instance of an 
adsorbed film which becomes modified in such a way that the bonds uniting 
the atoms within the molecules acquire a new alignment, some of these bonds 
being taken over by the tungsten atoms. 

It seems safe to assume that the final film is a modified form of the initial 
film, but we are left uncertain with regard to the nature of the initial film 
itself. Since this film covers the tungsten completely at temperatures as high 
as 7’,,=0600°K, the film must have a heat of evaporation many times greater 
than the heat of evaporation of hydrogen from a liquid hydrogen surface. 
This means that the molecules in this initial film are held to the underlying 
tungsten by such close bonds, that their reaction with the surface must be of 
the nature of a chemical reaction. The question arises, therefore, of whether 
this close binding is formed instantaneously as the molecules strike the sur- 
face, or whether the reaction requires a period of time, the time required being 
less than 5 minutes at 100°K. In other words, the initial film may itself 
represent a modification of the form in which the molecules originally attach 
themselves to the surface, the original form being by definition “normal” ad- 
sorption. If this is the case there exists a normal film which has a heat of 
evaporation only a few times greater than that of hydrogen evaporating 
from a hydrogen surface. This would represent the type of adsorption in 
which a molecule suffers little if any internal change by becoming attached 
to the surface. If such a film exists we should expect to be able to detect its 
presence if these experiments were repeated with the tube cooled in liquid 
hydrogen; we have found no indication of it in the present experiments. 

The present experiments also afford no means of deciding whether the 


18 T, Langmuir, J.A.C.S. 38, 2221 (1916); 39, 1848 (1917); 40, 1361 (1928). H. S. Taylor, 
J A.C.S. 53, 578 (1931). 

















ACCOMMODATION COEFFICIENT OF HYDROGEN 101 


hydrogen in the initial film is held as separate atoms or as pairs of atoms.* It 
has been generally assumed by those!’ who have studied the catalytic 
activity of metals in converting parahydrogen to orthohydrogen, that some 
of the hydrogen adsorbed on the tungsten is held in the form of separate atoms 
at temperatures as low as liquid air temperature. Farkas made experiments 
with approximately one half litre of a mixture consisting of 47 percent para- 
hydrogen and 53 percent orthohydrogen, at 50 mm pressure. He found that 
when this mixture was brought into the presence of a tungsten filament of 
diameter 0.01 cm and length 20 cm at 273°K, the mixture was converted 
to 36 percent parahydrogen and 64 percent orthohydrogen in about 12 sec- 
onds. According to the theory advanced by Bonhoeffer and Farkas, both 
forms of hydrogen are dissociated when they are adsorbed on tungsten so 
that the distinction between para and ortho structures disappears while the 
gas remains on the surface. Then when the separate atoms combine to form 
molecules which evaporate from the surface, the molecules are formed in the 
proportions characteristic of ordinary hydrogen at the temperature of the 
filament. These proportions at 273°K and higher temperatures are known 
to be 25 percent parahydrogen and 75 percent orthohydrogen. Since the 
amount of conversion which takes place in 12 seconds at 273°K in the ab- 
sence of a catalyst is practically zero, they conclude that the conversion takes 
place on the surface of the tungsten. 

Calculation shows that this means that 11 percent of the molecules pres- 
ent in the gas, or approximately 10?° molecules, are converted in 12 seconds 
by contact with a surface of area 0.63 cm?, which area could hold 6X10" to 
9X10" molecules in contact with the tungsten at any one time. Thus the 
average time it would take for the atoms of one molecule to be separated from 
each other on the surface and for each to combine with another atom and 
evaporate from the surface, could be not more than 10~ sec. If the hypothesis 
of Bonhoeffer and Farkas is correct, the initial film in our experiments repre- 
sents a surface covered with hydrogen which is experiencing this type of 
rapid dissociation and rebuilding of molecules. The gas used in our experi- 
ments was an ordinary hydrogen mixture, that is, it was not enriched with 
parahydrogen as was the gas that Farkas used, but the mechanism of dis- 
sociation at the surface should operate in either case. 

It now remains to offer a theory that will explain how our initial film may 
become modified to form a second type, or final film, which we know to be 
very stable at temperatures below 600°K. If the experiments of Bonhoeffer 
and Farkas can be explained on the basis of any mechanism other than the 
dissociation of hydrogen, we should expect that the final state represented 
a film of separate atoms, as distinguished from an initial state of atoms held in 
pairs. On the other hand, if the hydrogen is dissociated in the initial state, the 


* A mathematical treatment of the properties of hydrogen adsorbed on tungsten was given 
in an earlier paper.'® Two sets of equations were derived for the following alternative hypotheses: 
(a) Hydrogen exists on the surface in the form of atoms only; (b) Atoms and molecules of hydro- 
gen can exist on the surface at the same time. In this case the equations took into account the 
rate at which each form of hydrogen changed over into the other. 

#9 K. F. Bonhoeffer and A. Farkas, Zeits. f. physik Chem. (B) 12, 231 (1931). 
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hydrogen atoms may possess the property of gradually modifying the tung- 
sten atoms on the surface by a process which is very slow in comparison with 
the process of dissociation of the hydrogen. The distinction between the two 
processes may possibly be explained on the basis that the atoms, when first 
dissociated, share with the tungsten only electrons which are comparatively 
free to move about over the surface, these being electrons which give to the 
metal its property of electrical conductivity. Some of the adsorbed atoms 
may then gradually achieve a closer binding in which each hydrogen atom 
shares with a tungsten atom a pair of electrons situated in the kernel of the 
tungsten atom. 

We have some evidence that the hydrogen which evaporates from the 
modified film leaves as atoms rather than as molecules. This evidence is 
shown by the following calculation. From Fig. 3 in which Curve 3 departs 
from Curve 2 in the neighborhood of 7°,,=1000°K, we conclude that the life 
of the modified hydrogen on the surface is about 1 min. at 1000°. This follows 
from the fact that Curve 3 represents equilibrium conditions for a given 
temperature, whereas Curve 2 represents the result of treating the filament 
for one minute at the same temperature. At 7 =1000°K the surface is ap- 
proximately one half covered with modified hydrogen, so that if we assume 
that the surface density of hydrogen in a complete film is the same as that 
of the underlying tungsten atoms, or 10% molecules per cm’, the surface 
density at 1000°K is 5X10" molecules or 10" atoms per cm*. Hence if the 
modified hydrogen has a life on the surface r= 60 sec., it leaves the surface 
as atoms or molecules at a rate which is the equivalent of 8.3 X10" molecules 
cm~* sec.-'. From entirely separate considerations we can fix an upper limit 
to the number of atoms which can evaporate from the surface at this temper- 
ature. The degree of dissociation of hydrogen in the gas phase’ is x= 2.29 
xX 10-7 where x is expressed as the fraction of the hydrogen molecules which 
have been dissociated into atoms. The number of molecules which come from 
a region where 7,=160°K (see Table II, 7,=900°K) and strike the filament 
can be calculated from Eq. (4) and is nm = 3.95 X 10° cm~ sec.—!. The number 
of molecules which is dissociated and leaves the surface as atoms cannot be 
greater than mx =9.05 X10" cm~? sec.~', but may be less than this number, 
so that we may very well have 8.310" molecules leaving the surface as 
atoms. 

We have no satisfactory explanation of the rise in both the ay and ax 
curves in Fig. 9 when the temperature is lowered below 7,=300°K. It is not 
accounted for on the basis of the altered value which the specific heat would 
have if the hydrogen were changing from a mixture which is in equilibrium 
at room temperature and therefore contains parahydrogen and orthohydro- 
gen in the proportions 1:3 to a mixture representing equilibrium at liquid 
air temperature which has the proportions 1:1. It is improbable that this 
change took place in our experiments for it is known to proceed extremely 
slowly at liquid air temperature except when the hydrogen is passed through 
a tube containing a very large volume of charcoal, and we used only 1.7 cc 
of charcoal. However, it can be shown from data taken from Table V of a 
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paper by Beutler*® that the term (8+1/2) which we use to calculate a by 
Eq. (8) has the value 2.1166 for a 1:3 mixture and 2.2227 for a 1:1 mixture. 
This is a range of only 5 percent in (8+1/2) for the two extreme cases, which 
is much too small to account for the observed rise in a.* 

OXYGEN FILMs 

We have already pointed out that the rising values of a obtained when 
the filament temperature is lowered below 300°KK when 0.5 percent of oxygen 
is present in the hydrogen, gives evidence that an oxygen film forms on the 
filament at this low temperature. The film departs from the filament at 300°K 
but forms again whenever the temperature is lowered to 200°K or lower 
temperatures. These data add to the knowledge which we already have of the 
formation of oxygen films on tungsten.'’! It is commonly found that if 
oxygen is admitted to a vacuum tube containing a clean tungsten filament 
while the filament is at room temperature or at liquid air temperature, and 
the oxygen is then pumped out of the tube, and the last traces removed by 
“getters”, a film remains on the cold filament which continues to adhere 
when the temperature is raised to 1300°K. This can be shown by testing the 
filament for electron emission since the presence of oxygen on a tungsten 
surface reduces the electron emission to a small fraction of its value for pure 
tungsten. In order to test the surface for electron emission it must be heated 
to about 1500°K (at which temperature oxygen gradually evaporates from 
tungsten) for at lower temperatures the emission is too small to be measured. 
But since the test which reveals the presence of oxygen on the surface is made 
with the filament in vacuum, we know that the adsorption took place at the 
low temperature at which all free oxygen was pumped out of the tube. The 
heat of evaporation of oxygen from tungsten has been found to be 162,000 
cals. per gram atom of oxygen" when only a small fraction of the tungsten 
surface is covered with oxygen; when more than one third of the surface is 
covered, the heat of evaporation is less. 

In the present experiments the film which forms at 200°K and leaves at 
300°K forms on a surface which already has a layer of oxygen adsorbed on 
the tungsten. It has been customary to refer to the latter surface as an OW 
surface, so we shall call the former an OOW surface. If we assume that the 
OOW film covers one half of the surface at 150°K, calculation shows that the 
fraction of the surface covered at 300°K would be about 0.5 X10~, which is 
an amount too small to affect a to a measurable degree, so that at 300°K the 
surface would have the properties of an OW surface so far as measurements 
of a@ are concerned. 

*0 H. Beutler, Zeits. f. Physik 50, 581 (1928). 

* In calculating a we have assumed that parahydrogen and orthohydrogen have the same 
accommodation coefficient since we have found no evidence to the contrary. If it so happens 


that the accommodation coefficient of parahydrogen is considerably greater than that of ortho- 
hydrogen, this would account for differences greater than 5 percent between ay at 80° and at 
300°K. 

21 K. H. Kingdon, Phys. Rev. 24, 510 (1924). 
I, Langmuir and K. H. Kingdon, Proc. Roy. Soc. A107, 61 (1925). 
I, Langmuir and K. H. Kingdon, Phys. Rev. 34, 129 (1929). 
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In Fig. 9, ax gives the lowest values which we have found for the accom- 
modation coefficient at temperatures above 300°K, and we have abundant 
evidence that ax represents a surface layer containing oxygen. If we make the 
hypothesis that ay represents an OW surface in which the tungsten is com- 
pletely covered with oxygen, then the OW layer in the experiments in which 
0.5 percent of oxygen was present in the hydrogen was not a complete layer 
over the surface. On the other hand, if we make the hypothesis that the ex- 
periments in which oxygen was present in the gas gave a complete OW layer 
at say 300°-700°K (at which temperatures we should not expect hydrogen 
to remove the oxygen from the tungsten) then ay represents another type 
of oxygen layer, possibly oxygen plus hydrogen or hydroxyl. In either case it 
is clear that the effect of an OW surface is to keep a at a low value at tem- 
peratures above 600°K, in the range in which ay is increasing rapidly. We 
attribute this effect to the saturation of the field of force of the tungsten atoms 
on the surface by the adsorbed oxygen atoms, so that impinging hydrogen 
molecules encounter such a weak field of force that they are held to the sur- 
face for too brief a time to reach thermal equilibrium. 

Below 200°K the oxygen which is held comparatively loosely to the OW 
surface in an OOW layer may serve to prolong the duration of stay of hydro- 
gen molecules on the surface, for the oxygen atoms may constitute a loose 
network in which the impinging hydrogen molecules are caught. We take 
exception to the explanation offered by Farkas to account for the effect of 
oxygen in increasing @ at low temperatures. Farkas says that this effect 
illustrates the working of a mechanism discussed by Baule* whereby the 
exchange of energy which takes place when gas molecules are reflected from 
a wall is limited by the relative masses of the molecules of the gas and of the 
wall; the more nearly equal the masses, the greater the exchange of energy. 
This theorem would account for a higher a for hydrogen in contact with an 
OW surface than with a bare W surface; but we believe that we never have 
a bare W surface in contact with hydrogen at low temperatures, but instead 
of this an HW surface, and this should give the maximum a from the point 
of view of Baule’s theorem. 


2 B. Baule, Ann. d. Physik 44, 145 (1914). 
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ABSTRACT 


This paper contains an account of measurements of the variation of the lumino- 
sity of a sodium flame with the thickness of the flame and the concentration of the 
sodium salt solution sprayed into it. The reversal of the sodium lines by the layer of 
cool vapor at the front of the flame was eliminated by having no sodium in the front 
3 cms of the flame. An improved form of sprayer was used in which the level of the 
solution and its concentration remained constant. It was found that the luminosity isa 
function of the product of the thickness of the flame and the concentration of the 
sodium in it or of the mass M of sodium per square cm. This result agrees with the 
previous results of Gouy, H. A. Wilson and Locher but not with the recent results of 
C. D. Child. The function of M is proportional to M when M is very small but in- 
creases less rapidly than M when M is large. Measurements of the variation of the 
luminosity with the thickness at the center of one of the D lines and at its edge showed 
that the absorption at the center is much greater than at the edge as was to be ex- 
pected. 


INTRODUCTION 


HE first measurements of the luminosity of flames containing salt vapors 

were made by Gouy!' in 1879-80, while more recent work has been done 
by Zahn,? H. A. Wilson,’ Locher,‘ and Lundegardh.® Gouy, H. A. Wilson, 
and Locher found that the luminosity of the surface of a sodium flame is a 
function of the product of the flame thickness and the concentration of the 
sodium salt solution sprayed into the flame or a function of the mass WV of 
sodium per square cm. This function was roughly proportional to (.1/)'? over 
a considerable range provided M is not too small. Recently C. D. Child® 
has measured the luminosity of sodium flames, but his results do not show 
that the luminosity is a function of 17. The experiments described below 
were undertaken to find out the reason for this discrepancy. 


EXPERIMENTAL METHODS AND RESULTS 


The burner used was a horizontal fused quartz tube 25 cm long and 3 
cm in diameter with a straight slot 15 cm long and 2 mm wide cut in it 
parallel to its axis. One end of the burner was connected to a sprayer in 
which natural gas and air were mixed together along with spray of a sodium 


1 Gouy, Jour. de Physique 9, 19 (1880). 

2 Zahn, Deut. Phys. Ges. Ber. 15, 1203 (1913). 

3H. A. Wilson, Phil. Trans. Roy. Soc. A216, 63 (1916). 
4G. L. Locher, Phys. Rev. 31, 466 (1928). 

5 Lundegardh, Zeits. f. Physik 66, 109 (1930). 

6 C. D. Child, Phys. Rev. 38, 699 (1931). 
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chloride solution. The mixture was burned at the slot and gave a Bunsen 
flame 15 cm long, 6 cm high and about 1 cm thick. The inner cone was about 
1 cm high. The air and gas supplies were regulated and kept at constant 
pressures indicated by manometers. 

The burner and sprayer were similar to that described by H. A. Wilson,’ 
but an improvement was introduced which prevented errors due to the grad- 
ual change in the level of the solution in the sprayer and the slow increase 
in its concentration due to evaporation. The sprayer was connected to a large 
reservoir of the salt solution, and the solution was kept circulating through 
the sprayer and reservoir by means of a small air aspirator. 

The brightness or luminosity of the flame, along a horizontal line parallel 
to the slot and about one half cm above the top of the inner cone, was meas- 
ured with a Nutting spectrophotometer made by Hilger. A small incan- 
descent lamp was used for comparison and the potential difference on it was 
kept constant during any one set of measurements. The thickness of the 
flame on the line along which the luminosity was measured was varied by 
means of a vertical black copper plate put across the flame. This plate was 
carried on a graduated slide so that its distance from the front of the flame 
could be varied and accurately measured. 

When the sodium lines from this flame were examined with a plane grating 
in the third order, it was found that they were strongly reversed unless the 
solutions used were very weak. This reversal was evidently due to the ab- 
sorption of the center of the sodium lines by cool sodium vapor at the front 
of the flame. This effect was eliminated by having no sodium in the front 
part of the flame so that all the sodium vapor was at the same temperature. 
A thin diaphragm was cemented into the quartz burner 3 cms from the front 
end of the slot and a mixture of gas and air only was passed into one end of 
the burner and the gas, air and salt spray into the other end. In this manner a 
uniform flame 15 cm long was obtained with no sodium in the front 3 cm but 
sodium in the remaining 12 cm. With this flame there was no reversal even 
when strong sodium solutions were sprayed. 

In previous work on the luminosity of sodium flames, the light from a 
row of equal flames was measured and the number of flames in the row was 
varied. Each flame must have had a layer of cool vapor on each side so that 
there must have been strong absorption of the centers of the D lines by these 
cool layers. The previous experiments therefore do not give the way in which 
the luminosity varies with the thickness and concentration for a layer all at 
the same temperature. It was found that the removal of the cool reversing 
layer considerably altered the variation of the luminosity. 

A diaphragm of 1.5 mm in diameter was placed at a distance of 30 cm 
from the collimator slit so that the width of the cone of light admitted to 
the slit was only 2.2 mm at the back of the flame; thereby making the in- 
tensity of illumination due to the different portions of the flame independent 
of their distances from the spectrometer. Since C. D. Child used a Lummer- 
Brodhun photometer in his experiments, he had to take into consideration 


? Electrical Conductivity of Flames, Rev. Mod. Phys. 3, 156 (1931). 

















LUMINOSITY OF FLAMES 107 


the distance of the flames from the photometer as the intensity of illumina- 
tion is inversely proportional to the square of the distance. The uncertainty 
in the determination of the effective distance of the flames from the photom- 
eter probably accounts for his results. 

In performing the experiment, the standard lamp was so adjusted for 
each concentration of salt solution that the photometer readings would fall 
symmetrically around 45° where the photometer has its maximum sensi- 
tivity. When a second solution was used, the relative intensities of the stand- 
ard lamp with the two different potentials was determined so that all the 
intensities could be compared with one another. The data on a sample run 
are given in Table 1 which shows the variation in intensity with change in 
thickness of a flame sprayed with a sodium chloride solution of 40 gm per 
liter. 

TABLE I. (Voltage on standard lamp—3.03 volts). 





Thickness of flame 


1.6 cm 2.6cm 4.1cm 6.6cm 11.1¢cm 
56.0° 52.8° 47.0° 45 .8° 38 .3° 
56.6 52.0 49.8 43.0 38.5 
56.3 52.9 48 .3 45.2 40.8 
55.0 52.0 49.0 46.5 40.9 
55.8 53.3 48.8 46.5 Le 
56.5 i. 47.9 45.0 42.5 
56.0 53.4 48.4 44.5 40.0 
57.2 51.8 49.0 43.5 40.0 
56.6 52.8 49.5 44.1 40.7 
55.8 51.8 48.5 44.7 40.0 
55.0 51.2 48.2 43.0 38.5 
55.5 52.0 47.0 45.8 40.9 
56.5 52.8 48.8 46.6 42.5 
56.3 52.9 49.8 45.2 40.2 
57.2 51.6 48.5 45.0 40.6 
55.5 53.3 49.0 46.5 40.9 
56.3 53.4 49.0 43.5 39.3 
56.0 52.4 48.4 44.5 40.9 
56.3 51.6 47.8 44.7 40.2 
56.0 52.4 49.5 44.1 40.8 

Av. 56.1° Av. 52.4° Av. 48.6° Av. 44.9° Av. 40.2° 
Intensity (J) =1.00 T=1.19 7=1.41 T=1.61 I=1.87 


The intensities given in Table II were obtained in the same way and thus 
each intensity represents the average of twenty independent readings of the 
photometer. 

When sodium carbonate solutions were used in place of sodium chloride, 
it was found that the luminosity due to an equal weight of sodium was the 
same for both salts, in keeping with the results of H. A. Wilson. 

Fig. 1 shows the variation of the logarithm of intensity with the logarithm 
of pd where pd is varied from 4 to 83200. From this curve one concludes that 
the luminosity of the flame is a function of pd and is independent of the dis- 
tribution of the vapor. Since the luminosity of a flame sprayed with a dilute 
salt solution is almost proportional to pd, there must be very little absorption 
under these circumstances. For a flame in which there is more sodium vapor 
present, the absorption becomes quite large. The square root relation be- 
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TABLE II. Intensity of the D lines of sodium as compared 


with an incandescent lamp. 











Gm NaCl per Concentration p Thickness d pd 


liter in arbitrary units in cm 
0.00532 1 4.1 4 
0.00532 1 6.6 6 
0.00532 1 11.1 11 
0.0267 5 1.6 8 
0.0267 5 2.6 13 
0.0267 5 4.1 20. 
0.0267 5 6.6 33. 
0.0267 5 11.1 55 
0.0800 15 1.6 24 
0.0800 15 2.6 39 
0.0800 15 4.1 61 
0.0800 15 6.6 99 
0.0800 15 11.1 167 
0.400 75 1.6 120 
0.400 75 2.6 195 
0.400 75 4.1 308 
0.400 75 6.6 495 
0.400 75 11.1 832 
4.00 750 1.6 1200 
4.00 750 2.6 1950 
4.00 750 4.1 3080 
4.00 750 6.6 4950 
4.00 750 3 8320 
40.0 7500 1.6 12000 
40.0 7500 2.6 19500 
40.0 7500 4.1 30800 
40.0 7500 6.6 49500 
40.0 7500 1.1 83200 
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Fig. 1. Variation of the logarithm of intensity with the logarithm of pd. 


tween luminosity and pd holds only over a limited range, and for the largest 
values of pd used in these experiments the luminosity is approximately pro- 


portional to the cube root of pd. 


H. A. Wilson’ gave the theoretical relation for the luminosity of a sodium 


flame 


® H. A, Wilson, Proceedings Roy. Society A118, 362 (1928). 
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+x 
J = E{ (1 — em "ro! (144 m2A2 k2) dA (1) 


where m =mass of vibrating electron; k = viscous resistance to motion at unit 
velocity; 7=number of atoms; yy=atomic absorption coefficient at the 
center of the line; A= variation in frequency from that of the center of the 
line; E=intensity of black body radiation at the temperature of the flame 
per unit range of A near the D lines. When nyo is greater than 2 or 3, he gave 
the approximate value of this integral to be 


I = Ek/m(xnyo)'!2(1 — 1/4nyo — 3/32n*%y02 — --- +). (2) 


An exact series for this integral can be gotten by expanding the integrand 
into the series 





4m’?! / Am2AA2 | 3! ~ 4m2A2 
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Fig. 2. Variation of luminosity for small values of pd (circles represent experimental points). 


Each term of this series can be integrated, so Eq. (1) becomes 
IT = Enrkyo/2m(1 — nyo/4 + n*yo2/16 — Sn %yo?/384 + ---). (3) 
For small values of nyo Eq. (3) is approximately equal to 


AT nyo 


I=E 





—. (4) 


2m n 
(+) 
4 


The variation of the luminosity for small values of pd is shown in Fig. 2. 
The experimental points fall approximately on the curve given by the equa- 
tion J=1.09pd/(1+0.0112pd) which is of the same form as (4). 
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Since according to the theory the middle of the D lines is absorbed more 
than the edges, it seemed to be a good plan to test this assumption experi- 
mentally. High resolving power was obtained by viewing the D, line in the 
third order of a plane reflecting grating. Light from a standard lamp was 
made to fall on the upper half of the collimator slit by placing a right angle 
prism over this portion of the slit. The solid angle of light admitted to the 
spectrometer was again cut down by a diaphragm so that the illumination 
due to different parts of the flame would be independent of their distances. 
Shutters in the eyepiece were adjusted so that a narrow portion of the middle 
of the D, line was observed and the variation of the intensity of this portion 

















Thickness d (cm) 


Fig. 3. Curve I shows variation of the intensity of the edge of the D, line; curve II 
that of the middle of the D, line with change in thickness of flame. 


of the D, line was determined when the thickness of the flame was varied. 
The intensity of the light from the standard lamp was varied until it was 
of the same intensity as that from the flame and then the potential applied 
to the lamp was noted. The lamp was subsequently calibrated for the wave- 
length of the D, line for various applied potentials. 

The spectrometer was then rotated through a small angle corresponding 
to a change of wave-length of 1.7 angstroms and the variation of the edge of 
the D, line noted for different flame thicknesses. Curve (2) of Fig. 3 shows the 
variation of intensity of the middle of the D, line with change in the thickness 
of the flame, while curve (1) shows the variation of the intensity of the edge 
of the D,; line. The curves indicate that the middle of the line is absorbed 
much more than the edges in agreement with the theory. 
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The conclusion reached is (1) that the luminosity of a flame containing 
sodium vapor is a function of the mass of sodium per square cm contained 
in it and is independent of the distribution of the vapor, and (2) that the 
middle of the D, line of sodium is absorbed more than the edges. 

In conclusion, I wish to. acknowledge my indebtedness to Professor 
H. A. Wilson for the suggestion of this problem and my appreciation of his 
interest and many valuable suggestions made during the course of this 
work. 
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LETTERS TO THE EDITOR 
Prompt publication of brief reports of important discoveries in physics may 
be secured by addressing them to this department. Closing dates for this depart- 
ment are, for the first issue of the month, the twenty-eighth of the preceding 
month; for the second issue, the thirteenth of the month. The Board of Editors 
does not hold itself responsible for the opinions expressed by the correspondents. 


Absolute Value of X-ray Wave-lengths and e m as Calculated from 
X-ray Dispersion Measurements 


Recently there have been published two 
investigations by Bearden'* the purpose of 
which is to determine the real value of e m 
and the absolute wave-lengths of x-rays. The 
experimental part of this work is limited to 
the determination of the index of refraction 
(u=1—64) for Mo Kyu and Cu K-lines in a 
quartz prism. The conclusions drawn from 
the results obtained are: (1) “There is now 
very little question about the real value of 
e/m”, and (2) “The grating measurements of 
x-ray wave-lengths are definitely in error”. 

Without entering into numerical particu- 
lars I shall here present only some general 
remarks in connection with these statements. 

The principle of this method consists in a 
calculation of e/m or of \ by the employment 
of an experimentally determined value of 6 
and the x-ray dispersion theory. For a given 
medium this theory leads to a relation be- 
tween the two variables 6 and \ which con- 
tains also several physical constants (among 
others e/m and the density p). Solved for 
5/\*, the relation may be written: 


5 M=e/mpK4, 


where the values of e/m and X are in doubt, 
K is a product of some other constants and 
® is a function representing the atomic prop- 
erties of the dispersing medium and accord- 
ing to Bearden almost insensible for small 
variations in \ within the wave-length inter- 
val here in question [A<(AKk 4) }. 

(a) This relation has been experimentally 
tested by the exceedingly careful, systematic 
investigation by Larsson,’ using several meth- 
ods for the determination of 6. From the re- 
sults it is clear that the deviations found 


1 J. A. Bearden, Phys. Rev. 38, 835 (1931). 
2 J. A. Bearden, Phys. Rev. 39, 1 (1932). 
3 A. Larsson, Inaug. Diss. Uppsala, 1929. 


between theory and experiment hardly may 
be explained as due only to the values of the 
physical constants used by the calculation 
of the “theoretical” curve. In this \-interval 
the theory reproduces the experimental re. 
sults within the limits determined by the 
uncertainty of the numerical values used and 
by the experimental accuracy obtained (about 
+0.5 percent). The differences between the 
extreme e m-values and the corresponding 
\-values are respectively 0.5 and 0.3 percent. 

To use the theory to clear up discrepancies 
of the same order of magnitude as that for 
which the theory itself has been tested seems 
to be somewhat hazardous. 

(b) Since the agreement between the results 
of Bearden and those of Larsson has been 
claimed as a proof of reliability, the following 
may be noted. 

It is pointed out by Larsson that on ac- 
count of a slight inadvertency the density 
value (p) in his dissertation was somewhat 
too high. It has been corrected in Siegbahn’s 
“Spektroskopie der Réntgenstrahlen” (Berlin 
1931) and has no influence on the 6-values 
obtained, but only on the “theoretical” ones. 
Calculated from the differences between the 
two 6/\*-curves in these books the p-value of 
Larsson must be lowered about 0.5 percent. 
Consequently the e/m-values calculated by 
Bearden from Larsson’s 6-values comes out 
as 0.5 percent higher and the agreement is 
lost. The same correction applied to the \- 
value for Larsson in the later paper by Bear- 
den increases this value to about the grating \ 
obtained by Bearden and also here the agree- 
ment is lost. 

(c) Looking at the relation above it is clear 
that we may use a value of 6 to calculate one 
of the two quantities in doubt (e/m or A) by 
the aid of a chosen value of the other one. 
Using different values of A, we should get 
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similar to Stauss,' different values of e/m. 
Bearden has calculated a value of e/m with 
the assumption that his own grating X is the 
correct one. Using, in the second paper, just 
this e m-value, and the same 6-value as be- 
fore he solves for \. A priori, one had to expect 
the grating \ once inserted to come back 
again. But this is not the fact! Provided that 
the numerical calculations are correct the 
difference obtained must be due to the some- 
what different form of the relation used in 
the two cases, and has nothing to do with 
absolute wave-lengths. 

According to Bearden the e/m-value found 
in the first paper is based on a \-value, which, 
according to the latter paper, is definitely 
in error! 

From the above we may conclude that the 
conclusions (1) and (2) quoted above are both 
incorrect. 

It has also been suggested that in similar 
cases where the differences between the exist- 
ing values are considerably larger than the 
published limits of error, a new method, even 


4H. E. Stauss, Phys. Rev. 36, 1101 (1930). 
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if not so accurate, may be sufficient to decide 
whether the one or the other value is the 
“real” one. When it happens, that by such a 
method, a result is obtained just between the 
two others, this result is judged as “very un- 
satisfactory ”.® 

It seems to me that these differences ought 
to be considered as giving a better idea of the 
reliability of experimental results than is ob- 
tained by ordinary methods for calculations 
of errors. The reason for such frequently oc- 
curring discrepancies between calculated ac- 
curacy and that in reality obtained, may be 
found in the common use of the so-called 
“probable errors” without the necessary analy- 
sis to ascertain whether the conditions for the 
theory of errors are satisfied or not, and also 
in the tendency to underestimate or to neg- 
lect systematic errors. 


ERIK BACKLIN 
Physical Laboratory, 
Uppsala Sweden, 
February, 1932. 


’ J. A. Bearden, Phys. Rev. 37, 1210 (1931). 


The Entropy of Nitrous Oxide and Carbon Dioxide 


Wulf, (J. Am. Chem. Soc., 54, 833, 1932) es- 
timates the entropy of nitrous oxide by com- 
parison with other triatomic molecules. The 
work of Plyler and Barker (Phys. Rev., 38, 
1827, 1931) makes possible an exact calcula- 
tion of the entropy. According to their inter- 
pretation of the infrared spectrum nitrous 
oxide is a linear molecule, NNO. All but a 
few percent of the molecules are in the lowest 
vibrational state. The value obtained for the 
entropy at 298°K is 52.4 entropy units which 
is not greatly different from the value esti 
mated by Wulf. The data reported by Martin 
and Barker (Phys. Rev., 37, 1708, 1931) on 


the infrared spectrum of carbon dioxide indi- 
cate that the entropy of carbon dioxide is 
51.0 entropy units at 298°K. 

The structure proposed for NO by Bailey 
and Cassie (Phys. Rev. 39, 534, 1932) ap- 
pears to agree well with the low vibrational 
frequencies observed and also with the ab- 
sence of a large dipole moment. This struc- 
ture assumes double bonds between each pair 
of atoms. 

W. H. Ropesusu 

Chemistry Department, 

University of Illinois, 
March 5, 1932. 


The Crystal Lattice of Potassium Pyrosulphite, K,S,O;, and the 
Structure of the Pyrosulphite Group 


Pursuing my investigations on the struc- 
ture of inorganic groups in crystals I have 
determined completely and uniquely the 
crystal lattice of K.S.Os5. 

The dimensions of the monoclinic unit cell 
were found to be: a=6.95A, b=6.19A, c= 
7.55A, 8 =102°41’. 

The cell contains two molecules and the 
space group is Cy”. Two sets of potassium 
atoms, two sets of sulphur atoms and one 


set of oxygen atoms are lying in reflexion 
planes with coordinates +(u}v). Two sets 
of four oxygen atoms lie in general positions 
+(xyz), +(x, }-—y, 2). There are thus 16 
parameters to determine. 

The oscillating crystal method and the 
Laue method were used. The determination 
of the structure was based upon the observed 
intensities of the reflections from several 
hundred individual atomic planes. No as- 
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sumption whatsoever with respect to inter- 
atomic distances or coordination numbers was 
made, as I found it possible to fix the values 
of the sixteen parameters accurately and 
uniquely entirely from intensity considera- 
tions. The final parameter values are found 
in Table I. 
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at distances 1.45—1.49A and to a sulphur 
atom of the second set (S11) at a distance of 
2.18A. A sulphur atom (S11) is linked to two 
oxygen atoms at 1.45A and to an S; atom at 
2.18A. All the angles between the S—O bonds 
are close to the tetrahedral angle. 

Following Pauling and Slater we can inter- 


TABLE I. 
Ky Kut SI Su O; Or; On 
x 0.22 0.65 0.70 0.01 0.67 0.07 0.63 
y 0.25 0.25 0.25 0.25 0.25 0.06 0.06 
Z 0.95 0.67 0.2? 


In the crystal lattice each potassium atom 
of the first set (IXy) is surrounded by 9 oxygen 
atoms at distances 2.88 —3.21A. Each potas- 
sium atom of the second set (Kyi) is sur- 
rounded by 7 oxygen atoms at distances 
2.69 —2.95A. 

The structure of the S,O;-radical is of spe- 
cial interest. It may be described as an SOs- 
group and an SO: molecule linked together 
by an electron pair bond between the two 
sulphur atoms. Each sulphur atom of the 
first kind (S;) is linked to three oxygen atoms 


0.33 0.03 0.24 0.31 


pret the structure of the pyrosulphite group 
as(S*2S*! 0,7). S*? may have four unpaired 
electrons, S*! may have three unpaired elec- 
trons and each O~ has one unpaired electron, 
so that the sufficient number of bonds may be 
formed. 

A complete account of the investigation 
will be published shortly. 

W. H. ZAcHARIASEN 
Ryerson Physical Laboratory, 
University of Chicago, 
March 10, 1932. 


On the Reduction of Shot Effect Fluctuations 
by Electron Space Charge 


In a recent paper with N. H. Williams! a 
method was described by which measure- 
ments of shot effect were made on currents 
limited by pure electron space charge. Essen- 
tially, this consists in the use of a space charge 
grid with sufficiently high positive potential 
to eliminate space charge in the proximity of 
the emitter and prevent the escape of positive 
ions. Surrounding this is a second grid which 
retards the electron stream and serves as a 
virtual cathode for the outer space. 

In the absence of abnormal effects the mean 
square voltage fluctuation V.? in a space 


charge limited current 7) may be represented 
by 


fy = f (iy/i) V? 


where 7 is the total emission from a cathode. 
Curves have been presented showing the form 
of the function, f, obtained with the double 
grid tube. 

It can easily be shown that a variation j(t) 
in the emission from a thermionic source will 
effect an equal change in the net space cur- 


1 N.H. Williams, Phys. Rev. 39, 474 (1932), 


rent only when the latter is strictly “tempera- 
ture limited”. In the presence of space charge, 
a smaller change jo(¢) will result, given by 
jo) = 5). 
OL 
If the original changes in question arise from 
the random variation in the rate of departure 
of electrons we may apply the reasoning out- 
lined in note A! to both sides of this equation. 
In consequence 
Ve= [dig lai}? Ep const Ve . 
BAC) i= [diy dij. 

Investigation of the validity of these hypo- 
theses has been carried out by the writer using 
tubes similar to those on which material for 
the previous paper was obtained. Space cur- 
rents were measured as the emission was 
changed for various plate potentials. Jy) was 
plotted as a function of 7 and 07/07 read di- 


2 F. B. Llewellyn first suggested (Proc. I. 
R.E. 18, 243, 1930) that the space charge 
depression of shot effect should be given by 
a factor (d%)/01)?. 























LETTERS TO THE EDITOR 


rectly from the curves at the desired value of 
to. 

For comparison with Fig. 8, p. 490! the fol- 
lowing summary of data is presented which 
provides strong evidence in support of the 
theory (Table I). 
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ear up to 7=1000 microamperes, with slope 
0.77. Above this value the slope decreases 
slowly at first and later more rapidly reach- 
ing 0.07 at «=5000 ya. 

Study of these relations is being continued 
with especial reference to their generality and 


TABLE I. 


19 =500ua E,(volts) 1(ua) 
A,y=+22.54 200 500 
E2=+ 1.5% 150 520 

100 555 
75 589 
60 625 
50 651 
40 700 


A striking regularity was observed in the 
behavior of the coefficient 07) 0%. For each 
E,» this factor was found to be constant over 
a considerable range of space currents. For 
example, with 60 volts on the anode, the 
space current-emission current curve is lin- 


io / dt (di0/ di)? V2/V2 
1.00 1.00 1.00 
— — 0.941 
0.902 0.814 0.818 
0.809 0.653 0.720 
0.771 0.595 0.637 
0.711 0.507 0.567 
0.666 0.444 0.464 


extension of their application to space charge 
fluctuation problems. 
Everett W. THATCHER 
Union College, 
Schenectady, New York, 
March 11, 1932. 


The Dissociation of the Carboxyl Group in Amino Acids and Related Sub- 
stances, Produced by Absorption of Ultraviolet Light 


The experimental results obtained when the 
visible and ultraviolet absorption spectra of 
the HCl solutions of alanine, cysteine, as- 
partic acid, glutaminic acid, /-cystine, butyric 
acid, and succinic acid and the water solution 
of i-cystine were studied with a rotating sec- 
tor photometer were reported to the American 
Physical Society in April, 1931.' Physicists 
may be interested in the relationship which 
the author has found to exist between the 
molecular weights of the substances and the 


separation of the positive hydrogen ion from 
the negative molecular ion, which is brought 
about by the absorption of energy of amount 
sufficient to overcome both the atomic forces 
between the hydrogen nucleus and its elec- 
tron, and the molecular forces between the 
hydrogen ion and the molecular ion, To ac- 
complish the first result energy, hy., must 
be absorbed, and to overcome the molecular 
forces energy, hv,. The latter results in the 
vibration of the ions with respect to each 
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Fig. 1. The frequency, in wave-numbers, 7, of the absorbed light plotted against the 
reciprocal of the square-root of the molecular weight of the molecular ions of: (1) butyric acid, 
(2) alanine, (3) succinic acid, (4) cysteine, (5) aspartic acid, (6) cysteine hydroxide, (6’) cysteine 
in water, (7) glutaminic acid, (8) cysteine chloride, (8’) cysteine in HCI solution. 


frequencies of the absorbed light which pro- 
duces dissociation of the carboxyl group in 
these molecules. 

Dissociation of this group is due to the 


1 Anslow and Foster, Phys. Rev. 37, 1708 
(1931). 


other, and when the frequency, v,, is equal 
to the natural frequency of vibration of the 
molecular ion, the relative displacement of 
the ions will become so large that the electri- 
cal forces between them will be unable to hold 
them together. This frequency is a function 
of the mass of the molecular ion, and not 
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of the reduced mass of the molecule, since in 
order that dissociation may result the ions 
must be vibrating as separate units, and not 
as a single unit about the center of mass of 
the molecule. 

The equation for the frequency, v, of the 
absorbed light which produces dissociation 
of the carboxyl group is, therefore, 


1 f\ 12 
ot 
2a \m 


where v, is the electronic frequency, f the 
elastic constant of the group, and m the mass 
of the molecular ion. 

To test the validity of this equation the 
frequency, in wave-numbers, of the absorbed 
radiation was plotted against the square-root 
of the reciprocal of the mass of the molecular 
ion, and the figure shows that the linear rela- 
tion exists for all substances, except cystine. 
The intercept of the line, », = 27,419, is the lim- 
iting frequency of the Balmer series of hydro- 
gen, which indicates that before dissociation 
the electron of hydrogen occupied one of its 
usual atomic energy levels: The slope of the 
line gives the value of the elastic constant 
for the molecular ion as 26.2 108. Since this 
constant is approximately equal to e®/r,2r, 
under equilibrium conditions, where ry is the 
mean distance between the attracting cen- 
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ters, and r the amplitude of the displacement, 
this amplitude will be about 10~-" cm: the 
corresponding amplitude for the hydrogen 
ion is about 107! cm, since it is vibrating 
with the same frequency. 

The apparent anomalous behavior of cys- 
teine can be easily explained. The absorption 
of light of wave-length about 2500A was found 
to break the S—S linkage in this molecule, 
and the resulting ions when in a hydrochloric 
acid solution combined with ions of the solu- 
tion to form cysteine chloride and cysteine, 
and when in a water solution to form cysteine 
hydroxide and cysteine. The presence of these 
molecules in the irradiated solution was de- 
tected by a determination of the mean molec- 
ular weight of the solution from the lowering 
of the freezing point of the solution, according 
to Raoult’s equation. The absorption spectra 
obtained must correspond, therefore, to those 
of cysteine chloride and cysteine hydroxide, 
and the points giving the relations between 
the molecular weights of these compounds 
and the observed frequencies at which dissoci- 
ation was produced are included in the graph. 

A full discussion of these results will prob- 
ably appear in an early issue of the Journal 
of Biological Chemistry. 

GLapys A. ANSLow 

Smith College, March 11, 1932. 


New Forbidden Lines in the L Series 


On several long exposures plate taken to 
bring out the satellites of Ls. of the higher 
atomic number elements, lines whose v/R 
values correspond to forbidden transitions 
have been found. A high vacuum x-ray spec- 
trometer described by Siegbahn and Thoraeus! 
was used. The slit-plate distance was 54.87 
cm, widths of slit 0.08 mm and 0.2 mm, with 
exposures of two to twelve hours at 33 k.v. 
and 20-25 milliamperes. 

The transitions are from the Nx, Nos, Ox, 
Ox, and P» 22 levels to the Le: level and the 
lines are called respectively Lq3, Lda: : «Los, 
for convenience. The first member of each 
series (Lox—Mx and Lo,—Mzs) has been 
found by Idei? for 82 Pb, 83 Bi, 90 Th and 
the Lo2— M2 line for 92 U. He calls them ¢ 
and s respectively. 

The table gives the wave-length and »/R 
value of each line found and the v/R differ- 
ences between the indicated levels computed 
from the data of Idei as given in Siegbahn’s 
“Spektroskopie der Réntgenstrahlen”, second 
edition, 1931. 


! Thoraeus, J.0.S.A. 13, 235 (1926). 
* Idei, Sci. Rep. Tohoku Imp. Univ. 19, 559 
(1930). 




















Observed Computed 

Element Nee(x.u.) vy/R v RLx2—Na 
47 Ir 1162.99 783.56 783.6 
78 Pt 1129.13 807 .05 806.9 
79 Au 1097 .30 830.47 830.4 
83 Bi 981.32 928.62 929.0 

Noda(x.u.) v/R v/ R(L22.— N22) 
77 «Ir 1153.6 789 .94 789.8 
78 Pt 1120.11 813.55 813.6 
79 Au 1088 .11 837.48 837.8 
83 Bi 971.19 938 .30 938.5 

Nos5.6(X.U.) v Rv R(L22—Or1 ,22) 
77 «Ir 1107 .96 822.48 822.2 
78 Pt 1075.75 847.1 847 .6 
79 Au 1043 .61 873.19 873.6 
81 Tl 983 .23 926.81 926.7 
83 Bi 930.37. 979.47 979.5 
: 928.45 981.50 981.5 

Aoz,s(x.u.) v/Rv/R(Lo2— Pa,22) 
83 Bi 922.15 988 .2 987.8 
90 Th 759.71 1199.50 1199.7 


Work is now in progress to seek other pos- 
sible lines. SIpNEY KAUFMAN 
Cornell University, March 16, 1932. 
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BOOK REVIEWS 


Gmelins Handbuch der anorganischen Chemie. Eighth edition. System-Nummer 7: Brom. 
Pp. 342+xxvi. Figs. 9. Verlag Chemie G.m.b.H., Berlin 1931. Price RM 59. 

This monograph on bromine covering the physics and chemistry of this element and its 
various acids and other compounds is entirely up to date (literature until August, 1931); even 
the recent studies of Lind and Ogg (1931) on the dissociation of hydrogen bromide by alpha 
radiation are discussed in detail. 

The favorable comments expressed in previous reviews of various volumes of this “Hand- 
buch” also hold for the present monograph which hardly needs any recommendation. 

I. M. Ko_THOFF 
University of Minnesota 


Veroffentlichungen den Wissenschaftlichen Zentral Laboratoriums der Photographiscen 
Abteilung AGFA. Band II. Pp. 178+vii. Figs. 121. S. Hirzel, Leipzig, 1931. Price RM 10. 


This volume contains separate articles by various authors concerning the theoretical and 
practical problems of photography and sensitometry. Properties of artificial light sources, the 
study of reversal, desensitization, the physical properties of gelatine, and textures of various 
kinds of cellulose are some of the problems discussed. From the practical side of applied photog- 
raphy, there are articles concerning sound films, color films, half-tone reproduction, and roent- 
genphotography, with a study of calcium tungstate intensifying screens. The articles are author- 
itative and well illustrated. 

JosEPH VALASEK 
University of Minnesota 


Wissenschaftliche Photographie. Eine Einfuehrung in Theorie und Praxis. E. v. ANGE- 
RER. Pp. 185+viii. Figs. 99. Akademische Verlagsgesellschaft, Leipzig 1931. Price RM 12.80. 
This enjoyable book is full of helpful information for the scientific photographer. The 
author writes very interestingly and gives many illustrations from his own experience. The 
three outstanding theories of the latent image are presented with some of their supporting ex- 
perimental material. Unfortunately even the best of them can be apparently refuted by some 
experiment. The characteristics of the various commercial European plates are discussed, enab- 
ling one to select the plate best suited to his problem. Unfortunately, plates of American manu- 
facture are not included in this discussion. Complete directions are given for many operations, 
such as preparation of plates with extremely fine grain, backing to avoid halation, the use of 
fine-grain developers, sensitization for particular regions of the spectrum, intensification and 
reduction, and methods of photographic spectrophotometry. This book deserves the attention 
of all who have occasion to use photographic methods. The make-up of the book (illustrations, 
binding, etc.) is excellent. 
JosEPH VALASEK 
University of Minnesota 
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PROCEEDINGS 
of the 
AMERICAN PHYSICAL SOCIETY 
MINUTES OF CAMBRIDGE MEETING, 
FEBRUARY 25-27, 1932 


The 176th regular meeting of the American Physical Society was held in 
Cambridge, Massachusetts, on Thursday, Friday and Saturday, February 25, 
26 and 27, 1932, as a joint meeting with the Optical Society of America. The 
presiding officers at the regular session of the Physical Society were Dr. W. 
F. G. Swann, President of the Society, Professors L. W. McKeehan and Leigh 
Page. All sessions on Thursday were held at the Massachusetts Institute of 
Technology and on Friday and Saturday at Harvard University. 

The joint sessions with the Optical Society on Thursday morning con- 
sisted of informal conferences on “Electron Emission and Surface Condi- 
tions”; “Perturbation Effects in Spectra”; “Demonstration and Discussion of 
Mechanical Aids to the Solution of Equations”; and “X-ray and Photo- 
micrographic Studies in Metallurgy”. On Thursday afternoon there was a 
joint session, presided over by Dr. WW. F. G. Swann, and a symposium on 
“Properties of Matter”. The invited papers were on “Interferometric Meas- 
urements of Single Molecules” by Professor P. Debye of the University of 
Leipzig; “Crystal Structure of the Silicates” by Dr. B. E. Warren of the 
Massachusetts Institute of Technology; and “Molecular Shape and Orienta- 
tion in Liquids” by Professor C. P. Smyth of Princeton University. There 
were in addition three contributed papers on this program. (See abstracts 21, 
22, 23.) At noon the members of the two Societies and their friends were 
luncheon guests of the Institute of Technology. About 180 were present. In 
the evening a public lecture, under the auspices of the American Institute of 
Physics, was delivered by Professor Henry Norris Russell of Princeton 
University, on “Revealing the Universe through the Spectroscope”. Dr. K. 
T. Compton presided at this meeting with about 400 in attendance. 

Thursday’s meetings marked the official opening of the Institute’s new 
and remarkably planned and equipped Spectroscopy Laboratory. 

On Friday and Saturday the sessions were held at Harvard University, 
offering an opportunity to inspect the recently enlarged and improved 
facilities in the Jefferson and Cruft Laboratories. 

On Friday morning the sessions were devoted to the reading of con- 
tributed papers. At noon the members of the two Societies and their friends 
were the luncheon guests of the University at Leverett House, one of the re- 
cently built residence houses for undergraduates. On Friday afternoon the 
two Societies convened in New Lecture Hall on Oxford Street for a sym- 
posium of invited papers on “Electronic Devices and their Applications to 
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Research with Special Reference to Radiation Sensitive Devices”. The papers 
were “Electronic Devices as Aids to Research” by A. W. Hull of the General 
Electric Company; “Some Practical Applications of Electronic Devices” by 
N. Rashevsky of the Westinghouse Electric and Manufacturing Company; 
and “Special Tubes for the Amplification of Small Voltages” by G. F. Metcalf 
of the General Electric Company. Professor E. L. Chaffee of Harvard Univer- 
sity arranged the program and presided at the meetings. 

On Friday evening the Society joined with the Optical Society for dinner 
at the Parker House. Dr. E. C. Crittenden, President of the Optical Society, 
presided. Professor George B. Pegram, on behalf of the Optical Society, made 
the formal presentation of the Frederic Ives Medal to Professor Theodore 
Lyman, who then responded with an expression of his appreciation of the 
honor conferred upon him. The other after dinner speakers were K. T. Comp- 
ton, H. A. Barton and W. F. G. Swann. On motion of F. W. Loomis a un- 
animous rising vote of thanks was extended to the hosts at the Institute and 
at Harvard University for the exceptionally fine and complete arrangements 
made for the comfort and enjoyment of the members and friends of the two 
Societies in attendance. 

On Saturday morning, after short sessions for the reading of contributed 
papers, the two Societies joined in Room 110, Pierce Hall for a lecture by 
Professor P. W. Bridgman of Harvard University on “Anomalies in the Be- 
havior of Solids under Pressure”. Dr. E. C. Crittenden presided. 

Throughout the three days there was provided a very interesting “Pro- 
gram for Visiting Ladies”. 

Meeting of the Council. At its meeting on Thursday, February 25, 1932, 
the Council received a request from members of the Society in New England 
for the formation of a “New England Section of the American Physical 
Society”. A proposed constitution for the Section was also presented, favor- 
ably received and referred to the Committee on Modification of the Con- 
stitution for consideration. This is the first request for the formation of a 
local section in accord with the constitutional modification adopted at the 
New Orleans meeting. 

The Treasurer reported that there was received on January 20th from the 
Treasurer of the National Academy of Sciences a check for $1200 being a 
grant to aid the Society in meeting the increased cost of Science Abstracts for 
the year 1931 in continuation of an earlier grant for the same purpose. 

The Council elected one person to fellowship. Twenty-nine persons were 
elected to membership. Elected to fellowship: Cornelius Lanczos. Elected to 
membership: H. A. Abramson, Edgar T. S. Applegard, Lester F. Borchardt, 
John H. Clements, M. Estes Cocke, Harold E. Edgerton, Wolfgang Finkeln- 
burg, R. A. Fisher, Charles K. Hayden, Emerson W. Kern, Raymond I. 
Lawley, C. Anthony McCane, Eugene McDermott, G. M. Murphy, Oscar 
Norgorden, Donald N. Read, Howard A. Robinson, Louis C. Roess, Nathan 
Rosen, Arthur E. Schuh, Frederick Seitz, Jr., Theodore E. Sterne, Wendell 
B. Steward, Everett W. Thatcher, Agnes Townsend, S. M. Troxel, Yuching 
Tu, Charles W. Ufford and Bruce B. Vance. 
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The titles and abstracts of papers presented before the Optical Society of 
America will be found in the Proceedings of that Society, published in the 
Journal of the Optical Society. 

The regular scientific program of the American Physical Society consisted 
of 64 papers. Numbers 9, 24, 39, 50, 51, 53, 55, 56, 60 and 63 were read by 
title. The abstracts of these papers are given in the following pages. An 
Author Index will be found at the end. 

\W. L. SEVERINGHAUS, Secretary 





ABSTRACTS 


1. Dielectric losses in rocksalt. P. L. Bay_ey, Lehigh University.—The dielectric con- 
stant and the phase angle for rocksalt have been measured over a range from 1 to 1000 kilo- 
cycles per second. The sample was 60 X70 0.9 mm, was exceptionally transparent, and was 
free from any visible flaw. Mercury electrodes of 20.2 cm? were used, making a capacity of 
125.1 mmf. Very slight traces of surface moisture or surface impurities cause large changes in 
the power loss but no change in the capacity. Traces of organic impurities on the surface may 
produce a peak in the power factor curve at a certain frequency, giving an apparent dipole 
effect. The sample when thoroughly dry and clean had, throughout the frequency range, a 
power factor of less than 0.0001 and probably of the order of 0.00001. The dielectric constant 
was 6.3. Neither the capacity nor the power factor was appreciably changed by a 3 hour ex- 
posure to strong x-rays or by intense coloration by cathode rays from a Coolidge tube. 


2. The Joule magnetostrictive effect in a series of cobalt-iron rods. S. R. WILLIAMs, 
Amherst College.—The magnetostrictive oscillators of Pierce (Proc. Amer. Acad. Sci. 63, 1 (1928)) 
have brought out the fact that the phenomena of magnetostriction may still have some practical 
significance, even if Arstall’s (Phil. Mag. 30, 76 (1847) ) idea of a reciprocating engine, based on 
the come and go of a rod changing its length in a varying magnetic field, did not materialize. 
In some measure the value of magnetostrictive oscillators depends upon the magnitude of the 
Joule effect. A series of cobalt-iron rods have been studied in this paper in order to see how the 
static magnetostrictive Joule effect varies with increasing amounts of cobalt in a series of cobalt- 
iron alloys. Later the dynamic magnetostrictive effects will be studied and compared with the 
static effects. This study shows that cobalt-iron alloys have a very much larger magneto- 
strictive effect than does nickel. 


3. Temperature changes accompanying magnetization in nickel. AGNEs TOWNSEND, 
Columbia University.—The object of this experiment is to determine the relation between 
temperature and magnetic field intensity in a specimen of polycrystalline nickel during a 
single cycle of magnetization. The method used is that described by Ellwood (Phys. Rev. 36, 
1066, (1930) ). The ellipsoidal test specimen is composed of 104 hard drawn nickel rods of Imm 
diameter. The purity of the nickel is indicated by the following analysis: Cu 0.07; Fe 0.18; 
Mn 0.044; Si 0.21; C 0.065; Ni 99.42. The following is typical of the behavior of this material. 
On reducing the magnetic field intensity in successive steps from 230 gauss, the temperature 
increases gradually and then more rapidly until the knee of the hysteresis curve is turned, after 
which the temperature decreases sharply and then more gradually until the initial magnetiza- 
tion is completely reversed. Thus the H-T curve has a cusp in region in which the intensity of 
magnetization in changing most rapidly. The temperature at this point is four times the final 
rise in temperature for the half cycle. The sharp minimum near J =0 observed by Ellwood in 
carbon steel is entirely absent in the nickel. 


4. On the ultra high-frequency oscillation of the magnetostatic vacuum tube. W. DEHL- 
INGER, Westinghouse Elec. & Mfg. Co., East Pittsburgh.—A physical picture of the phenomena 
during the electronic oscillation in the magnetostatic oscillator is given. The notion of a critical 
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radius for plate voltages varying between a larger and a smaller value than the critical voltage 
for a given constant magnetic field is developed. The value of the critical radius is calculated 
as a function of the voltage differences and the potential distribution. The flying time of the 
electrons is discussed in its relation to the voltage distribution, and the falling angle is expressed 
in a simple way. 


5. The converse piezoelectric effect in mixed crystals isomorphous with Rochelle salt. 
S. BLOOMENTHAL, Research Division, RCA Victor Co., Inc. Camden, N.J.—The temperature 
dependence of the piezoelectric strain constant d,, was investigated as a function of the amount 
of C,H,OsNaK -4H,0 in mixed crystals isomorphous with Rochelle salt. Crystals oriented for 
utilization of the predictions of the Voigt theory for the converse piezoelectric effect in the 
hemihedral class of the orthorhombic system were grown at constant temperature from super- 
saturated solutions of Rochelle salt containing known quantities of isomorphous impurity 
C,H,OsNaNH,-4H,0 or CsH,O,;NaT1-4H,0 and measurements of d,, were made in the range 
10° to 35°C. Below a critical temperature 9,,, di, is of the order 5X 10~. At 0, dig decreases to 
about 10~° and diminishes further as the temperature increases. For crystals containing small 
quantities of impurity (1 percent or less) observed critical temperatures agree approximately 
with those given by 


a formula which one derives on the basis of the dipole theory, assuming that the molecular 
field constant for the mixed crystal equals that for pure Rochelle salt multiplied by the Rochelle 
salt fraction of the total number of molecules present. © is the critical temperature for pure 
Rochelle salt, (273+25)°K. M, and p; are the molecular weight and percentage by weight of 
impurity; M and p those of pure Rochelle salt. 


6. The depth of origin of photoelectrons. HrrBerT E. Ives AND H. B. BricGs, Bell 
Telephone Laboratories.—Previous work (Phys. Rev. 38, 1477 (1931) ) showed that the photo- 
electrons from a silver plate covered with an equilibrium film of alkali metal follow the wave- 
length distribution of energy just above the silver surface, i.e., in the alkali metal. This ques- 
tion has been further investigated with particular reference to alkali metal films in their early 
stages of development, where their average depth is less than one atom. Just above a silver 
surface the energy exhibits a deep minimum at 3260A for light polarized with the electric 
vector in the plane of incidence. This minimum is absent from the calculated bulk or surface 
absorption of silver. If the function of the alkali metal film in its early stages is merely to 
facilitate the escape of electrons from the silver it may be expected that the minimum of emis- 
sion previously found will be missing for sparsely covered silver. Experimental test, made with 
sodium films from their earliest measurable state throughout their whole development history 
always shows the minimum at 3260A. It is concluded that the majority of the photoelectrons 
originate under all conditions in the alkali metal films. In the very thinnest films there is some 
indication of emission ascribable to the silver plate. 


7. On thermal electronic agitation in conductors. N. H. WitLiAMs, University of Michigan, 
and E. W. THatcuer, Union College.—Statistical variations in charge density within a con- 
ductor result in the establishment of minute fluctuating potential differences between its 
terminals. A measurement of these fluctuations has been made the basis of an independent 
determination of Boltzmann's constant, k, by Johnson (Phys. Rev. 32, 97 (1928) ). Adaption 
of methods used in certain phases of work in shot effect has thrown further light on the prob- 
lem, and has provided some improvements in technique. Consideration of the response char- 
acteristics of the amplifier is eliminated in the present work. As a coupling stage, use has been 
made of the FP-54 pliotron which is capable of operation with an input resistance in excess of 
10"* ohms. Pure thermal fluctuations have been investigated in three classes of conductors (1) 
metal wires, (2) sputtered metal films, (3) dried films of a suspension of carbon in suitable 
binder. With the first linear dependence of the mean square voltage fluctuation on resistance 
has been established. From these data, values of k have been computed with a mean value of 
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1.378 x 10~"6 erg deg.~!. (2) and (3) have shown fluctuation levels which without exception fall 
below those indicated by theory for high values of resistance. Of the same three classes, only the 
last exhibited additional fluctuations due to random changes in resistance when carrying a cur- 
rent. 


8. Total secondary emission of electrons from metals as a function of primary energy. 
Paut L. Copetanp, Massachusetts Institute of Technology.—The ratio (R) of the total number 
of electrons leaving a target to the number incident upon it has been studied as a function of 
the energy of the incident electrons. The results obtained for different metals are similar in 
their general aspects. The ratio (R) is very low for small primary velocities and increases very 
nearly linearly with the energy of the incident electrons; it reaches a broad maximum at a posi- 
tion characteristic of the metal, and then declines almost linearly with further increase in the 
energy of incidence. A comparison of the results obtained for different metals seems to indicate 
that this decline of secondary emission at high energies for the incident electrons is related to 
the density of the target. If the decline of the ratio (AR) beyond the maximum is divided by the 
corresponding increase in potential (\1’)times the absolute value of the ratio (R), the resulting 
quantity (AR/RAV) for the various targets may be plotted against the density of the targets to 
give a fairly linear graph. 


9. Radiation from caesium bombarded by slow speed electrons. C. Borckner, Bureau of 
Standards, Washington, D.C.—A small electrode (Langmuir probe) positive to the surrounding 
space in a gas discharge draws very intense currents of slow speed electrons. A probe under such 
bombardment is found to emit visible and ultraviolet radiation having a continuous spectrum. 
(F. L. Mohler and C. Boeckner, B. S. Jour. Research, 7, 751 (1931) ). A method has been de- 
vised for condensing caesium vapor upon a probe surface in a caesium discharge, thus making it 
possible to study the radiation from this metal when bombarded by slow electrons. The method 
insures that the caesium surface be very clean. It is found that the radiation emitted is closely 
similar in intensity and spectral intensity distribution to that from other metals used as probes. 
The very large atomic volume of caesium and the small spread of energies of its free electrons 
renders this fact of interest in connection with the theory of the effect. 


10. The positive column of a caesium discharge. F. L. MouLeR, Bureau of Standards.-- 
Probe measurements of the electrical characteristics and thermopile measurements of the 
radiation have been made for a positive column in a tube 1.9 cm in diameter. Vapor pressures 
ranged from 0.001 to 0.024 mm and discharge currents from 0.15 to 1 ampere. The energy in- 
put, as given by the voltage gradient times the current, ranged from 0.1 to 0.3 watts per cm. 
The fraction of this energy accounted for by the flow of ions to the tube walls increased with 
the current from 0.034 to 0.235 at 0.003 mm pressure. As nearly the complete caesium spectrum 
is transmitted by glass, direct measurements give the total radiation. The evidence is that 
nearly all of the energy not accounted for by the flow of ions to the walls is radiated. Experi- 
mental results show a nearly constant efficiency of 0.94 with a mean error of 0.04 not including 
the calibration error which may be greater than this. 


11. Some spectrographic studies of negative point discharges at low pressures. WILLI 
M. Conn. A. D. Little, Inc. Cambridge, Mass.—It is shown that negative point discharges may 
be maintained to as low a pressure as 10~! mm Hg. The spectrum of the discharges at 10 mm 
Hg is continuous, with a few bands and lines from the gas content of the tube indicated. The 
maximum of the continuous spectrum is found photographically at 4600A, the spectrum can be 
traced from 6200 to 2150A. With increasing pressure in the tube, bands and lines from the gas 
and vapor contents of the tube appear with increasing intensity. The intensity distribution of 
the continuous spectrum of point discharges is similar to that of the continuous spectra caused 
by electron bombardment of gases, vapors and solid bodies. It is assumed that the continuous 
spectra are excited in the same way in both cases. 


12. Notes on the luminescence of glass, fluorite and quartz. THeoporE LyMAN, Harvard 
University —In the first part of this paper a simple method for showing the relation between 
the absorption of light and the resulting luminescence in glass is described The second part 
contains some observations on the luminescence of fluorite and of quartz in the extreme ultra- 
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violet. This luminescence seems to consist of two parts. In the first place, there is a broad band 
extending from the neighborhood of 2450A to 3810A. Secondly, there are sharp lines at 3812, 
3144 and 3133. 


13. The g-value of the normal state of Bi I. R. F. Bacher, National Research Fellow. 
Joun Wutrr, Massachusetts Institute of Technology.—The hyperfine structure of the strongest 
line of the bismuth arc spectrum (A3067, 6p? *S°, 12—112) has been studied with the 21 foot 
Tuebingen grating with an applied magnetic field of 43350 gauss and also without field. Photo- 
graphs were obtained in both cases showing the pattern without reversal. A comparison of 
the result with the theory of the Zeeman effect for hyperfine structure permitted an accurate 
determination of the g-value of the normal state of bismuth as g=1.65(4). This value shows a 
large deviation from that expected for a normal *S; ;/2 state (g=2) due to the intermediate cou- 
pling of the three p electrons. The value of g for the normal state, as found here, is in disagree- 
ment with the value found from the Stern-Gerlach experiment, g= 1.45. 


14. Dispersion of oxygen in the ultraviolet. R. LApENBURG AND G. WoLFsSOHN, Kaiser 
Wilhelm Inst. f. phystk. Chemie, Berlin-Dahlem.—Dispersion measurements in O2 between 6000 
and 1920A made with a special fluorite interferometer can be represented with good accuracy 
by the usual dispersion formula with only two resonance wave-lengths \, = 1470 and \,=550A, 
the corresponding f-values being 0.2 and 5.9 respectively. These wave-lengths are to be con- 
sidered as centers of gravity of two regions of absorption, the Schumann band system and an- 
other much stronger band system in the far ultraviolet. It follows, furthermore, from the dis- 
persion measurements that the discontinuous part of the Schumann band system is very much 
weaker than the continuous part, a result which coincides with direct absorption measurements 
of O, in the Schumann region and also with calculations of the potential energy-curves of Op. 


15. Perturbed series in line spectra, A. G. SHENSTONE, Princeton University.—There oc- 
cur many line series in atomic spectra which do not even approximately fit a Ritz formula. They 
display either a sudden rise in the value of n* —n towards high term values or a gradual fall of 
almost a unit. The latter type contains an extra term due to some other structure and becomes 
similar to the first type after the removal of that term. All such series obey approximately a 
series formula of type v,=R/n* in which n* =n+py+arn,+8/»,—vo (Langer, Phys. Rev. 35, 
649 (1930)) and vo is the wave number of some level of the same type not strictly belonging to 
the series. The constant § is always negative and the terms therefore appear to repel each other. 
It is interesting theoretically that a perturbation does not always occur when it is expected. The 
phenomenon of auto-ionization is closely related to the series perturbation problem, the posi- 
tion of the perturbing level determining alone which of the two will occur. 


16. The structure of the third positive group of CO-bands. G. H. Dirke anv J. W. 
Maucuy, The Johns Hopkins University ——The bands were photographed in the second and 
third order of a 21 foot concave grating with 20,000 lines per inch. So far the bands 0-0 to 
0—4 with heads at \2833, 2977, 3134, 3305 and 3493A were studied. The bands are due to a 
’>—'Il transition. The triplet separation of the * state is unnoticeable for f <20. Under these 
conditions we must expect 15 branches if the resultant spin is not yet completely coupled to the 
rotational axis. (Transition from case a to case b.) We found 13 of these branches and traces of 
the remaining two which are too faint to be observed among the strong main branches. The 
five heads which are characteristic for the bands under low dispersion are the heads of the 
O;—O.—P;—P.—P, branches. (In the simplified notation of case }). The initial level shows 
very strong perturbations from about K = 16 on, and slight irregularities even for very small K 
values. The moment of inertia for the final state is 16.5 - 10~*°, and for the initial state approxi- 
mately 14.3 -10-*°. The character of the \-doubling and the number of missing lines near the 
origin identifies the final electronic state as a regular ‘II state. Our results are not in agreement 
with the analysis of Asundi (Proc. Roy. Soc. Al24, 277, 1929) who classified these bands at 
5>— II transitions. 


17. The absorption and dispersion of celluloid between 300A and 1000A. H. M. O'Bryan, 
Massachusetts Institute of Technology—A sample of celluloid has been studied in the region 
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from 300A to 1000A in a vacuum spectrograph with a “hot spark” source. Direct measurements 
of absorption by celluloid films weighing from 10~* to 10-° grams per cm? show no appreciable 
deviations from the expression 


I = Io aa 


The maximum value of uw is 7 X 10° and occurs at 800A. A film weighing 2 X 10~* grams per cm? 
transmits 55 percent at 300A and 40 percent at 1000A. Reflection measurements from celluloid 
mirrors on glass permit the calculation of both uw and the refractive index. The values of u ob- 
tained by this method agree with those obtained by direct measurement of absorption. The 
refractive index passes through unity at about 800A becoming less than one for shorter wave 
lengths. Values of wu at intervals of 100A show only one broad absorption band in this region. 
These values are several times greater than those given by Holweck, (“De la lumiere aux rayons 
X, page 09) who gives the maximum absorption at 300A. 


18. Interferometric measurements on single molecules. P. DeByr, University of Leipzig. 
19. Crystal structure of the silicates. B. E. WARREN, Massachusetts Institute of Technology. 
20. Molecular shape and orientation in liquids. C. P. SMytu, Princeton University. 


21. Diffraction of electrons by metal surfaces. C. J. Davisson 1np L. H. Germer, Beil 
Telephone Laboratories, New York City.—We have directed beams of electrons upon etched 
metal surfaces at angles averaging two degrees from grazing (G. P. Thomson method). Scat- 
tered electrons are photographed and the diffraction patterns studied. Diffraction patterns 
have been obtained from polycrystalline gold, tungsten, molybdenum, cobalt, nickel, chromium 
and platinum, and from single crystals of nickel and tungsten. Electron speeds correspond to 
voltages from 13,000 to 55,000. The metals gold, tungsten, molybdenum, and cobalt give 
Debye-Scherrer rings characteristic of the known structures of the metals. About 20 rings are 
usually found. Nickel gives simultaneously rings of Ni and Ni O. Chromium etched in dilute 
HCI gives hexagonal chromium rings. After re-etching in warm concentrated HCI the pattern 
consists only of spots. Their radial distances are not inconsistent with the rhombohedral struc- 
ture of CrCl; (large crystals). The nickel crystal gives two orders of Bragg reflection from the 
(111) surface planes. The tungsten crystal gives four orders of Bragg reflection from the (110) 
surface planes. Re-etching produced, in addition, five orders of Bragg reflection from planes of 
unknown origin spaced at 2.97A. After standing in air a month the pattern consisted only of 
fifteen small rings which indicate a body centered cubic structure of constant 7.4A. 


22. Dielectric losses in insulating materials. HuBeRT H. Race, General Electric Co., 
Schenectady.—In order to study the causes of dielectric loss in insulating materials, capacitance 
factor (dielectric constant) and loss factor for representative liquid and solid insulators have 
been measured at frequencies between 15 and 2,000,000 cycles per second and at temperatures 
between 30° and 150°C. Observed changes in capacitance and loss in liquids and solids are 
apparently explained by assuming three physical mechanisms, namely, (a) orientation of 
polar particles in a viscous medium, (b) translation of charged particles either for relatively 
long distances as at low frequencies in a liquid, or for very short distances as at high frequencies 
in a liquid or within the cells of a solid, (c) formation of space charges at the electrodes. The 
physical conditions determine which mechanism is predominant. For example in the same oil 
(a) may be predominant at low temperature (high viscosity) and high frequency while (b) is 
most important at high temperature and low frequency. In an attempt to check the theory that 
the variations observed in certain solids result from conduction in restricted paths, capacitance 
and loss measurements have been made on fused quartz tubes in which liquids of differing con- 
ductivities had been sealed. Similar measurements on certain partially cured synthetic resins 
have shown very large increases in both capacitance and loss with increasing temperature and 
decreasing frequency. It appears that these changes are also explainable on the basis of mechan- 
ism (b) and they indicate the causes of similar effects which are found on a very much smaller 
scale after the resins have been cured. 
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23. The mosaic structure of cobalt crystals. Francis Bitter, Westinghouse Research Labo- 
ratories, East Pittsburgh.—Since making a preliminary report on the detection of magnetic in- 
homogeneities by means of magnetic powders, (Phys. Rev. 38, 1903 (1931)) cobalt, having a 
hexagonal lattice, has been produced in slabs with large grains and a shiny smooth surface. 
Very distinct deposits were obtained on these samples before they were magnetized. The pat- 
terns may be classified into two types; first, a series of parallel straight lines roughly similar to 
those found in nickel and iron; and second, a deposit which divides the metal into regions of 
various sizes (roughly from 0.1 to 0.01 mm in diameter) more or less regularly arranged at the 
corners of adjacent hexagons. The general aspect of this latter type of pattern resembles a 
delicate lace-work. When the samples are magnetized this breaks up into a series of parallel 
lines, which are in general not quite straight. Until conclusive experimental verification is a- 
vailable, it seems reasonable to assume that these two types of deposits occur on grains whose 
hexagonal axes are in and normal to the surface respectively. These results furnish direct ex- 
perimental verification of the existence of a block structure, as predicted by Zwicky. 


24. The mathematical theory of Chladni plates. R. C. Corweit, West Virginia Univer- 
sity.—By a slight modification of Ritz’ theory for a square plate, it is possible to express many 
of the nodal lines with the formula 





mrx uqTy nnx mary 
sl cos ——— cos ——~ + B cos —— cos —-—- = 0. 
ad ad a a 


From this formula, we can deduce several theorems of general interest. There are three cases 
for A =B. First, when m and n are both even, the plate breaks up into four equal squares each 
of which has the constant m’=m/2, n'=n/2. Second, when m and n are both odd, there are 
always two perpendicular nodal lines through the center of the plate; these divide the plate 
into four equal squares, all of which have similar vibrations: they must be determined ab 
origine and are not related to lower values for m and n as in the first case. Third, when m is 
odd and n even (or vice versa) one diagonal is always a nodal line. In this case A= —B isa 
mirror image of the curve A =B. If m and n are kept constant while A and B are varied, the 
curves originally symmetrical for A = B change into other forms. All of these can be obtained 
by substituting the proper values for A, B, m and n in the general equation. 


25. The theory of acoustic filtration in solid rods. R. B. Linpsay anp F. E. Wuite, Brown 
University —The transmission of sound through a long solid bar loaded at equal intervals with 
equal heavy masses is treated by a method analogous to the so-called “branch transmission” 
theory of acoustic filtration in air (W. P. Mason, Bell System Technical Journal 6, 258 (1927), 
see also Stewart and Lindsay: “Acoustics,” p. 334 ff.). The masses are assumed to be so con- 
centrated that they move as a whole and longitudinal motions alone are considered. Transmis- 
sion bands are found for those frequencies such that —1< cos 2kl—km/2poS-sin 2k1S1, where 
k =2 mv/c (v being the frequency and ¢ the velocity of sound in the rod), m the mass of the con- 
centrated load, S its effective cross section normal to the rod, po the density of the rod material 
and 2] the distance between consecutive loads. The loaded rod acts effectively like a low-pass 
filter with cut-off frequency given by the transcendental equation: m/2poSl=1/kl-cot kl. To 
illustrate: for a steel rod with m=1 kg, S= az cm? and 2/=20 cm, the cut-off appears at about 
5200 cycles. The next transmission band does not appear until about y= 12,000 cycles. As the 
loading mass is increased, other things being equal, the cut-off frequency is decreased. More- 
over for constant m, increasing / decreases this frequency. Thus in the illustration mentioned 
doubling / produces a decrease in the cut-off frequency of approximately 35 percent. These re- 
sults are in qualitative agreement with the experiments of G. W. Stewart and his students (cf. 
“Acoustics,” p. 186). Further calculations indicate the theoretical possibility of high-pass filters 
by replacing the loading masses with appropriate attachments. 


26. Sound velocity in reacting mixtures of real gases. Daviv G. C. Luck, Massachusetts 
Institute of Technology. (Introduced by John C. Slater).—Einstein’s calculation of frequency de- 
pendence of sound velocity in reacting mixtures of acoustically transparent ideal gases is ex- 
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tended to the case of real, absorbing gases. The new results differ only slightly from the old in 
form. Their relation to experimental technique is considered, in connection with the determina- 
tion of reaction rates. 


27. New terms in the energy level formula of a rotating vibrator. J. L. DuNuAM, Harvard 
University —A detailed calculation has been made of the energy levels of a general type of 
rotating vibrator as predicted by the quantum mechanics and new terms have been found 
which are of importance in the interpretation of the spectra of hydride and helium molecules. 
The new terms slightly alter the coefficients which are already known, e.g. they add a correction 
to the coefficient of (v+}4) in the energy level formula so that it is no longer simply we. Similarly 
it is found that B, is not exactly the coefficient of K(K +1) etc. The corrections are negligible 
except in molecules for which the ratio of B, to we is comparatively large (i.e., hydrides and 
helium) in which case they are appreciable though small. The corrections to w,, wex, Be, a and 
D, have been calculated and prove to depend on some of the finer details of the nuclear potential 
function. Methods for applying them to numerical cases are being developed. 


28. The exchange of translational and vibrational energy in gas reactions. O. K. Rice, 
Harvard University —The rate constants for many unimolecular gas reactions decrease at low 
pressures, as the number of activating collisions diminishes. In a number of decompositions of 
organic compounds addition of sufficient hydrogen restores the rate constant to its high pres- 
sure value, the hydrogen apparently being able to cause activation. However, helium and 
gases like carbon dioxide, consisting of relatively heavy atoms, do not have this effect. In order 
to gain a better understanding of these phenomena, calculations have been made of the proba- 
bility of exchange of energy between the colliding molecule (hydrogen, for example) and the 
oscillators in the decomposing molecule. This has been done by use of a simplified model, fol- 
lowing the work of Zener (Phys. Rev. 37, 556 (1931)), with some refinements in the calcula- 
tions. It appears from these calculations that hydrogen should exchange energy with the or- 
ganic molecules with a reasonably large probability, and that the tendency of the other gases 
to exchange energy should be less; but it seems that the theoretical difference between hydrogen 
and helium is not quite sufficient to account for the actual difference in their abilities to cause 
activation. All the gases tend to exchange energy with the carbon-carbon vibrations (which 
involves less energy at each exchange) with greater probability than with the carbon-hydrogen 
vibrations of the organic molecule, the difference being least in the case of hydrogen. 


29. Elastic reflection of atoms form crystals. CLARENCE ZENER, National Research Fellow, 
Princeton University.—In the classical theory all collisions of atoms with a crystal are inelastic. 
However, the quantum theory shows the number of elastic reflections to be finite. An approxi- 
mate calculation gives the fraction of collisions in which all the quantum states of the crystal 
remain unaltered to be 


exp { — 3x?(m/m:)(h/O)*(te/O)/(1 + 4d/d)}. 


m,, M2 are the masses, and 4, f2 are the temperatures, of the free atoms and the lattice atoms, 
respectively. © is the characteristic temperature of the crystal. \ is the wave-length of the free 
atom. The constant d is the distance in which the repulsive potential of free atom and lattice 
decreases to one e’th its value. 


30. Analytic atomic wave functions. J. C. SLATER, Massachusetts Institute of Technology. 
—Good analytic approximations to Hartree’s atomic wave functions would be of great value, 
for all cases where these functions are to be used for further computation. The writer has used 
an approximation r"e~‘2—-")"/", where n is the quantum number, Z the nuclear charge, s a screen- 
ing constant, but this function takes no account of the nodes. The hydrogen-like function 
e(Z—a)rin(yn —auy™1 « » «© +4n_y17'*!) has nodes, but not in the right places. It is found, however, 
that a sum )oj-14:Azr'e", differing from the hydrogen-like function by using a different 
exponential for each term of the polynomial, is capable of representing the true wave function 
to a considerable degree of accuracy. The best way to find the constants seems to be to fit 
Hartree’s curves, where those have been computed. A sample computation for Rb* has been 
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worked out. The resulting functions are almost orthogonal, and can be made exactly so by 
small change of the constants, without seriously impairing their agreement with Hartree’s 
values. For more accurate purposes, we could use these orthogonal functions, and expand 
Hartree’s functions in terms of this orthogonal set, the expansion converging very rapidly. 


31. Wave functions for many electron atoms. L. A. YounG, Massachusetts Institute of 
Technology. (Introduced by John C. Slater).—Screening constants as function of atomic number 
are obtained by a simple variational method. The resulting single electron wave functions have 
considerable flexibility, being of the form (see abstract by J. C. Slater) 


n 
Un i(r) = > Agrte erin 
kal+1 

the A, being determined by requiring that these functions be orthogonal. The ax are determined 
by maximizing the total energy operator with respect to these functions, neglecting exchange. 
The a, are written as Z—S,; and the S;, called “screening constants,” may be compactly tabu- 
lated for various configurations. Hartree’s single electron functions may be expanded as a 
series in these functions, the expansion coefficients being determined by variational methods, 
although it is possible to bring electron exchange into the problem in such a way that the re- 
sults obtained will be essentially those given by Fock’s modification of Hartree’s method. 


32. The spin-orbit interaction for many electron configurations. M. H. JOHNSON, JrR., 
Harvard University.—The method of treating the spin-orbit interaction for two electron con- 
figurations (Phys. Rev. 38, 1628 (1931)) is extended to apply to configurations containing any 
number of electrons. One starts with all the angular momentum vectors uncoupled. These 
vectors are then coupled together in any prescribed order to give a resultant L and a resultant 
S for the whole atom. At each step in the coupling process the matrix components of J, and sx 
are determined by the formulas given on pages 1633-4 of the above reference (the quantum 
numbers L, S and J are, of course, replaced by the quantum numbers of the vectors being 
coupled together). The final coupling of L and S to give J yields the formulas for J, - sx given on 
page 1635 of the above reference with bes and sift replaced by the more general quantities 
as calculated above. Knowing the electrostatic energy matrix, one readily obtains secular 
equations for the configuration under consideration. The method does not give correct results 
for a group of more than two equivalent electrons. This indicates a general failure of vector 
model conceptions as applied to the individuals in a group of equivalent electrons due to the 
symmetrization required by the Pauli principle. 


33. A remark on Gamow’s treatment of radioactive disintegration. G. Breit, New York 
University —Objections have been made from time to time to the use of complex energies in 
Gamow'’s treatment. For the special case of rectangular potential walls d’Atkinson has given 
arguments in favor of the method. It is now shown by a simple calculation that independently 
of the shape of the potential wall it is possible to form a wave-package satisfying standard 
boundary conditions and resembling the complex energy solution very closely. The energies 
entering the composition of the wave-package lie within a narrow band the center of which is 
the real part of Gamow's complex energy. The half value breadth AE of the band is related to 
the disintegration constant \ by AE=)//2x. Inside the nucleus the solution is practically 
identical with Gamow’s. Initially (t=0) the wave-package vanishes outside. At the time ¢ the 
wave-function is very small at distances >tv where v is the group velocity corresponding to the 
center of the energy band. It vanishes at infinity. For distances <¢v the solution is nearly the 
same as Gamow's. The essential point is that our solution satisfies the standard boundary con- 
ditions; it is normalized and represents particles in the finite region of space. Gamow’s method 
is thus justifiable as a means of finding the probable energies and the disintegration constant. 


34. Relativity and the uncertainty principle. N. RosEN AND M.S. VALLARTA, Massachu- 
setts Institute of Technology.—A simple ideal experiment to measure simultaneously the position 
and the momentum of a free electron, also its kinetic energy and the instant when this kinetic 
energy is measured, taking into account the finite velocity of propagation of light as embodied in 
the Lorentz transformation, is proposed. This experiment is as follows: an observer sends out a 
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photon which strikes a given free electron and returns along its own track. From measurements 
made on the outgoing and returning light the required quantities, and the uncertainties in their 
measurement, are calculated. In the absence of detailed knowledge of the nature of the inter- 
action between photon and electron, it is found that for any initial electronic velocity between 
O and c, ApAx and AEAt have an upper and a lower bound which are functions of the outgoing 
frequency and always enclose a value of ApAx (or AEAt) of the order of magnitude of h. These 
bounds come close together for low frequencies and diverge for high frequencies; their separa- 
tion increases as the initial electronic velocity increases, and becomes ~ for the limit v=c. In 
the limit c— the upper and lower bounds coalesce for all frequencies and all electronic veloci- 
ties giving Heisenberg’s results. 


35. The Hall effect with audio-frequency currents. LAwrENCE A. Woop, Cornell Univer- 
sity.—The magnitude and phase of the Hall e.m.f. in tellurium have been investigated at fre- 
quencies up to 25,000 cycles per second. A vacuum-tube oscillator furnishes the longitudinal 
current for the specimen, which is placed in a constant magnetic field. The Hall e.m.f. is amplified 
by a resistance-coupled vacuum-tube amplifier, and observed on a cathode-ray oscillograph. 
A comparison method and a null method agree in the conclusion that within the limits of ob- 
servation throughout the audio range of frequencies, the magnitude of the Hall e.m.f. is un- 
changed with frequency, and that there is no phase difference between the Hall e.m.f. and the 
longitudinal current producing it. 


36. Reversals of Hall effect in tellurium. P. 1. Woip, Union College.—In Phys. Rev. 7, 
169 (1916) the writer reported on the galvano- and thermo-magnetic properties of tellurium. 
An outstanding characteristic was that, as the temperature rose, the Hall effect changed from 
a large positive value to a negative value and then to a positive value. An explanation was sug- 
gested on the basis of two crystalline forms of tellurium. The specimen last worked with at that 
time has been preserved and now has been restudied both to see what changes may have occur- 
red in that time and to examine more fully the effect of different heat treatments. The same re- 
markable double reversal of the Hall effect is found. By very slow cooling from 300° one comes 
to a point, below 50°, where the Hall constant changes from about —600 to about +700 ina 
20° range. On the other hand, by rapid cooling, the Hall constant may be kept always positive. 
The changes in resistance of the tellurium, with temperature, were also observed. The present 
behavior can, it seems, be best explained on the basis of three forms of tellurium, with transition 
points in the genera! neighborhood of 50° and 240°. 


37. Ionization of organic acids. HUGH M. SMALLWoop, Harvard University._-The extent 
of ionization of organic acids in aqueous solution has been shown to depend mainly upon the 
presence and orientation of electric moments in the anion. The method of calculation is ap- 
proximate, but gives satisfactory agreement with the experimental data in those cases in which 
it may be expected to apply. This affords a quantitative verification of the current interpreta- 
tion of the effect of substituent groups upon acid strength. 


38. Some factors involved in the disappearance of hydrogen in the presence of potassium 
or lithium ion sources. C. H. KUNSMAN AND R. A. NELSON, Bureau of Chemistry and Soils, 
U. S. Department of Agriculture, Washington, D.C_—The experiments were carried out with 
filaments coated with K-glass (Rev. of Sci. Instr. 1, 654) and spodumene, sources of K and Li 
ions respectively, and were similar to those recently reported by Mitchel (J. Frank. Inst. 210, 
269) and Leipunsky and Schechter (Zeits. f. Physik 59, 857). The rate of decrease of the hy- 
drogen pressure in a chamber immersed in liquid air was varied through wide ranges from fast 
rates comparable to those reported by Leipunsky and Schechter to slow rates similar to those 
obtained by Mitchel. Our results indicate that this clean-up of H, is due to the formation of 
water vapor on the surface of the hot filament, and that the electrolytic decomposition of the 
K-glass and spodumene is a controlling factor. The hydrogen clean-up was larger when the 
electrolytic potential was such to drive the K or Li ions into the glass than with the potential 
reversed and in the direction to draw positive K and Li ions to the surface. The disappearance 
of H, in the gas phase under bombardment of K and Li ions up to 150 volts was negligible. 
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39. The nature of electrical contact between metals. T. H. OsGoop anp E. Hutcuisson, 
University of Pittsburgh.—Two circular, optically flat, metal plates, about 4 cm in diameter, 
supported at their edges, are separated by a distance of a few thousandths of a cm. One is bent 
towards the other by a variable load applied at its center. The gap is thus one between a sphere 
and a plane. Electrical currents across the gap are measured for varying voltages and separa- 
tions of the plates. The smallest currents measured are about 10~* amp; the voltages used range 
from 0.5 volt for large gaps to 0.0001 volt for small gaps. The method of investigation possesses 
advantages in (a) control of gap distance and (b) use of voltages far below any known ionisation 
potential. Results indicate, at atmospheric pressure, the presence of a conducting layer at least 
1 x 10-4 cm thick at the surface of each plate. (Similar highly elastic layers are found in ordin- 
ary experiments on Newton's rings.) At 0.01 mm pressure, after mild heat treatment (250°C) the 
thickness of the layer does not alter appreciably. The current across the gap decreases, for a 
fixed voltage, approximately exponentially as the gap widens. Ohm's law is not obeyed. Simple 
applications of wave-mechanics, in conjunction with the work of contemporary investigators, 
suggest that the transfer of electricity across thin films of air (or liquids) is more akin to 
electrolysis than to metallic conduction. Plans are being made to extend the investigations to 
surfaces which are as free as possible from adsorbed gases. 


40. The propagation of luminosity in long discharge tubes. J. WW. BEAMs anp M. Popti- 
AGUINE, University of Virginia.—The speed with which luminosity traversed a long discharge 
tube, containing an un-ionized or weakly ionized gas, when a high electrical potential was sud- 
denly applied to one electrode (the other electrode being grounded) has been studied by means 
of a rapidly rotating mirror described by one of us (R.S.I. 1, 667, (1930)). Air and hydrogen at 
pressures from 0.03 mm to 0.5 mm with and without smali amounts of water vapor were used in 
the tubes. The luminosity started from one electrode and progressed toward the other as pre- 
viously observed by Thomson (Recent Researches p. 115, (1893)) and Beams (Phys. Rev. 36, 
997, (1930)). With pressures below 0.08 mm and impressed potentials of 20,000 to 40,000 
volts, the luminosity progressed toward the grounded electrode regardless of the sign of the im- 
pressed potential. However above 0.08 mm approximately, this rule is no longer true. In a 
glass discharge tube 5 mm in diameter with tungsten electrodes, the luminosity, after first 
progressing a few centimeters from one electrode, traversed the remainder of the tube with a 
speed of from 10° to 10'° cm per sec. depending upon the pressure. With constant applied po- 
tential surges the velocity increased with decrease of pressure over the range studied. In the 
immediate vicinity of the electrode the velocity was influenced by the magnitude of the po- 
tential as well as by the size and shape of the electrode and surrounding walls of the tube. 


41. A new type of electric discharge characterized by electron emission from the walls. 
IRVING LANGMUIR AND CLiFToN G. Founp. General Electric Co., Schenectady, N.Y.—If the 
walls of a glass tube containing gas (2 mm) emit electrons into the gas, a type of electric dis- 
charge results radically different from ordinary discharges at low pressures. Such emission may 
be caused by metastable atoms (neon or helium) generated by resonance radiation transmitted 
considerable distances from a discharge in another part of the tube (Phys. Rev. 36, 604 (1932)). 
Although the emitted electrons make elastic collisions with molecules, they continually return 
to the walls (replacing those emitted) thus giving up any energy acquired from an applied 
longitudinal field. Although 200 volts may be applied to a tube 20 cm long, the electrons thus 
never reach velocities sufficient to cause excitation or ionization, and therefore the conductivity 
follows Ohm's law even at these high voltages. A very minute trace of a gas (ionizable by metas- 
table atoms) causes the gas to become positively charged so that electrons are trapped (a 
plasma forms) and then low voltages can cause further ionization. The trapping of electrons 
also greatly increases the conductivity, concentrating the potential drop at the cathode and 
further increasing the tendency for easy ionization. 


42. Ionization of the upper atmosphere. E. O. Hu_surt, Naval Research Laboratory.— 
Continuing the work on the ionization of the upper atmosphere due to the ultraviolet light of 
the sun (Phys. Rev. 35, 240 (1930)) the ionization at night is calculated by taking into account 
the effects of recombination, temperature diffusion and electric-magnetic drift of the ions. After 
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sunset the ionized region is found to separate into two banks, one with a maximum of ionization 
at about 110 km and one with a maximum at about 140 km. Agreement is found with the skip 
distances and other phenomena of wireless waves and with various facts of terrestrial magnet- 
ism. Tables are prepared of the ion and electron densities over the earth. 


43. A wide angle magnetic spectrometer. CHirtes D. Bock, Yale University.—In a 
magnetic spectrometer of the Dempster type, ions which diverge from the source, or entrance 
slit, are brought approximately to focus at the measuring slit by the geometrical arrangement 
chosen. The error in focus is proportional to (1—cos @) where @ is the angle of divergence from 
the main circular trajectory. A better focus can be obtained by choosing the proper variation 
of the deflecting magnetic field, 7. The calculation is carried out in cylindrical coordinates, 
r,, 2, With origin at the center of the main trajectory With Hartree’s weighting factor, sin ¢, 
for the mean effective //, an integral equation is obtained for the proper variation of H for 
refocusing. For convenience in forming the pole pieces, H is chosen to be a function of r only. 
The pole surfaces are assumed equipotential, and dH /dz is neglected, so that these surfaces 
are simply /7z=constant. A very close approximation to the required field can be obtained, as 
the variation in J/ is small. A spectrometer is being built which takes advantage of this refine- 
ment. 


44. A mass-spectrograph. Kk. T. BAinBripGe, Bartol Research Foundation of the Franklin 
Institute, Swarthmore, Pa.—A mass-spectrograph of high resolving power (.W/1.2=500) has 
been developed. The mass scale is linear and for a mass difference of one percent the dispersion 
varies from 1.6 mm at one end of the plate to 3.8 mm at the other end. A single spectrum covers 
1.4 octaves of mass. Ions of energies from 5000 to 20000 electron-volts are introduced through a 
slit (0.05 mm wide) into a region of crossed electric and magnetic fields. lons traversing this sec- 
tion of the apparatus without deflection have a velocity, y=. /H within narrow limits. lons 
emerging from the slit at the far end of the “velocity filter” are introduced into a uniform mag- 
netic field, the “camera” section of the apparatus, and are incident on the surface of a photo- 
graphic plate after describing a circular path for 180°. As R=mv/eH, and v, e, and H are con- 
stant, both theoretically and experimentally a linear mass scale is secured. With Schumann 
plates the exposure times range from 30 seconds for the three isotopes of neon to seven minutes 
for the isotopes of mercury. Special Velox plates require exposures approximately ten times as 
long. Typical spectra will be shown. 


45. The isotopes of hydrogen as studied with a mass spectrograph. WALKER BLEAKNEY, 
National Research Fellow, Princeton Untversity.—A mass spectrograph has been designed and 
built for the purpose of studying gaseous ions at very low pressures. The vacuum tube is made 
entirely of glass, tantalum and tungsten. A large solenoid supplies the magnetic field. The whole 
tube is surrounded by a furnace so that it may be well baked to eliminate residual gases. The 
slits are long so that good intensity is achieved at low pressures. The apparatus is admirably 
adapted to a study of the isotope effects in hydrogen because at low pressures the relative im- 
portance of secondary effects is reduced. After the discovery of an isotope of mass 2 by Urey, 
Brickwedde and Murphy the author began a study of the hydrogen ions of mass 3 using a 
sample of hydrogen which had been prepared by them. The results show a large increase in 
ions of mass 3 over ordinary hydrogen and this increase, moreover, varied linearly with the 
pressure. Since the intensity of the triatomic ion (H'H'H!)* varies as the square of the pressure 
it is assumed that the linear part is due to (H'H?)*. At the present stage of the investigation it 
seems entirely possible to extend this method to a determination of the relative abundance of 
the isotopes in ordinary hydrogen. 


46. The response of various photographic emulsions to alpha-rays. T. R. Witkins, Uni- 
versity of Rochester—The formula D = K/a(1—e~*"**) has been derived and found to fit various 
photographic emulsions. D = photographic density; a=cross section of grain in mm?*; ¢=time in 
secs.; 2 =number of particles/mm*./sec.;  =number of grains in the track of an alpha-ray of 
given residual range. If knta is less than 0.1, D can be taken as proportional to the number of 
alpha-rays. If a plate is mounted above a source at a critical distance, the decrease in k at 
points along the plate can be shown to balance the decrease in m. So for a given value of ¢, the 
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densities at points along the plate will be proportional to the number of alpha-rays. This chance 
compensation explains an apparent reciprocity defect reported earlier. No real reciprocity de- 
fect has been found by us in the emulsions so far studied. The values of m have been determined 
by scintillation counts. Once K, k and a have been determined, the accuracy of the photo- 
graphic counts is surprising. 


47. Electronic devices as aids to research. A. W. HULL, General Electric Co. 


48. Some Practical Applications of Electronic Devices. N. RasHevsky. Westinghouse 
Electric and Manufacturing Company. 


49. Special tubes for the amplification of small voltages. G. F. Mercatr, General Elec- 
tric Co. 


50. Thermal expansion of nickel steels. PereR HIDNERT AND H. S. Kriper, Bureau of 
Standards.—Data on the linear thermal expansion of some nickel steels containing from 36.4 
to 42.2 percent nickel were published by Hidnert and Sweeney in Physical Review, (29, 911 
(1927)). Similar data have recently been obtained on 35 and 36 percent nickel steels produced in 
Germany by Deutschen Edelstahlwerken A. G. Krefeld (Rhineland). These steels which also 
contain about 1 percent manganese, were forged to 10 mm diameter, annealed at 900°C for 2 
hours and cooled in 6 to 7 hours. The following table gives some of the results. 


Average coefficients of expansion 


Nickel Critical per degree centigrade 
content point 
20°C to Critical point 
critical point to 400°C 
Percent © x 107° x 10-6 
35.0 160 4.5 14.4 
36.0 210 3.4 13.5 


51. Surface energy and heat of vaporization of liquids. Louis S. Kasse., Bureau of Mines, 
AND Morris Muskat, Gulf Research Laboratory, Pittsburgh, Pa.—The total surface energy of a 
liquid has been computed in a more direct way than that used by Margenau; it appears that 
he had calculated the maximum work rather than the total energy. The forces were taken from 
the quantum mechanical theory, and are the same as those Margenau used. The present calcu- 
lations were made both on the assumptions of: (a) a uniform spatial distribution of molecular 
centers within the liquid, and (b) a Maxwell-Boltzmann distribution. The former assumption led 
to results less than the experimental values, while the latter led to higher values. Similar calcula- 
tions were carried out for the heats of vaporization, and the experimental values again were 
between those for the uniform and for the Maxwell-Boltzmann distributions. It thus appears 
that the heat of vaporization and the surface energy could be obtained with fair accuracy from 
the quantum mechanical forces, if the correct distribution within the liquid were known. The 
calculations yield some evidence that zero-point energy is of importance in liquid helium. 


52. Surface forces of the sea urchin egg. KENNETH S. CoLe, Columbia University.—The 
spherical egg, 75u in diameter, is compressed between parallel planes. The movable plane is the 
free end of a gold strip galvanometer suspension. The compressing force is applied and measured 
with a sensitivity of 1.7 X 10~ dyne/scale division by the flexure of the strip. The axially sym- 
metric egg surface has a meridian line resembling a portion of an unduloid. With the areas of 
contact on the planes and the mean curvature of the free surface, the initial pressure is calculated 
to be 40 dynes/cm? and the surface force, 0.08 dyne/cm. The increase of surface force with sur- 
face area indicates that the egg membrane has a Poisson ration near 0.5 and that the normal 
area is about 30 percent above the unstretched area. The measurements on the fertilized egg 
indicate that its membrane tension increases 150 times more rapidly than that of the unferti- 
lized egg and that the fertilization membrane is normally unstretched. 
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53. Spontaneous dispersion of small liquid systems which are the seat of physico-chemical 
reactions. N. RAsHEvsKyY, Westinghouse Elec. & Mfg. Co., East Pittsburgh.—A more general 
thermodynamical treatment of the problem than that given hitherto by the writer in several 
previous publications is made. It is Shown that regardless of any assumptions which we may 
make about the surface properties of such systems, a spontaneous dispersion will occur above 
a certain critical size, whenever a rather general type of reactions occur in the system. The criti- 
cal size, thus calculated is of the order of magnitude of the sizes of living cells. The time it takes 
a system to divide in two can also be calculated, and is also found to be of the same order of 
magnitude, as the time of a cell division. 


54. Shielding of an electrode from a high potential gradient by means of a charged di- 
electric. C. M. Stack, Westinghouse Research Laboratory, Bloomfield, N. J.—The potential 
gradient necessary to draw an appreciable current of electrons from glass has been found to be 
in excess of that from pure cold metals. This fact was made of use in shielding the metallic 
parts of the cathode in high voltage discharge devices. In one design a double walled reéntrant 
glass cylinder is made to extend beyond the metallic focussing cup. The adjacent surfaces of the 
glass are coated with a conductor which in turn is connected to the cathode. Such a scheme 
exposes only, the glass surface to the high electric fields and yet allows one to use the customary 
type of filament mounting. The glass shield has the same focussing effect as a metallic cylinder 
of the same diameter. X-ray tubes of small dimensions and close spacings have been operated 
at 400 kv under oil using this design. 


55. Examining by a densitometer new lines in K series x-ray spectra. WILLIAM DUANE, 
Harvard University.—A new photometer, or densitometer, has been used to examine the new A 
series x-ray lines reported last February at the New York meeting of the Physical Society. The 
instrument projects a photographic negative of the spectral lines onto a vertical surface (the 
lines being horizontal). A photoelectric cell lies behind a very narrow horizontal slit in this sur- 
face. Suitable mechanism causes this slit together with the photoelectric cell to rise or fall 
slowly across the projected lines. Above the slit and cell, and mechanically attached to them, 
is a photographic plate in a vertical position. The photographic plate and the slit and photo- 
electric cell are on the same solid body, and therefore they all move together, up or down. The 
circuit of the photoelectric cell contains a D’Arsonval galvanometer. A very fine beam of light is 
reflected by the mirror of the galvanometer to a horizontal narrow slit, which is held in a fixed 
position opposite the photographic plate. This reflected light, representing the current through 
the photoelectric cell, therefore draws a curve on the photographic plate. In addit-on to the new 
features of the x-ray spectra, certain difficulties that have been encountered and more or less 
overcome are described. 


56. The shapes and widths of L absorption limits of mercury. H. L. Hutt, Columbia 
University —An investigation of the shape and width of the Zi; and Zi; absorption limits of 
mercury has been made with the double x-ray spectrometer. Mercury in the liquid and vapor 
form and in chemical combination was used. The absorption breaks are found to be unsymme- 
trical. Approaching the limit from the long wave-length side, the intensity of the transmitted 
beam falls off rather sharply at first, followed by a more gradual decrease to the minimum value. 
This effect is clearly shown for the vapor and liquid states. Qualitatively, the observed curves 
would appear to bear out the suggestion by Kossel that the ejected electron may sometimes not 
be removed completely from the atom by the absorbed quantum, but only to an unoccupied 
outer orbit. The curves for the vapor are of the order of 3 x. u. wide. The curves for the liquid 
state are practically identical at the long wave-length side, with the liquid curve falling off in 
intensity more slowly as the wave-length is decreased. The curves for the compounds are in 
general wider than those for the liquid and vapor. 


57. Satellites of the x-ray lines La, and L#, for the high atomic number elements. F. K. 
RICHTMYER AND S. KAUFMAN, Cornell University—The satellites accompanying La; and Lf, 
in the atomic number range 40-50 are relatively intense but fade out rapidly above Sn(50) and 
are not observed above Xe(54). Beginning in the neighborhood of W(74) there appears on the 
short wavelength side of Lf: a faint line which has previously been thought to be the same satel- 
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lite of LS: as is observed below Xe(54). The frequency-difference Moseley graph, characteristic 
of satellites, shows however that this high atomic number satellite is a new line, nearer to Lf: 
than would be predicted by extrapolation from the atomic number range 40-50. Similarly, a 
broad band suggestive of a group of unresolved satellites is found associated with La; above 
Au(79), but closer to La; than would be predicted by extrapolation. It is suggested that these 
high atomic number satellites originate in a “double jump” in which there is combined with the 
parent line a transition involving an “outer electron jump” one electron shell farther out than 
that which produces the satellites in the 40-50 atomic number range. An attempt is being made 
to resolve this high atomic number satellite of La. 


58. Precision wave-length measurements with the double crystal x-ray spectrometer. 
J. A. BEARDEN, Johns Hopkins University —The average diffraction angle in the 4th order for 
the molybdenum Kaz line using calcite crystals from four different sources was 27° 51’ 34.4” 
(Phys. Rev. 38, 2093 (1931)). This value is probably more precise than any previous determina- 
tion. Thus in the present experiment it has been used as a primary standard and the diffraction 
angles of the silver, copper and iron Ka; lines have been measured relative to this value. The 
diffraction angles were measured using the double crystal spectrometer as described in the 
above reference. The results corrected for slit heights and reduced to 18°C were 


5th order AgKa; —27° 21’ 54.6” or \=0.558006A 
4th order MoKa,; —27° 51’ 34.3” or \=0.707517 
3rd order CuKa, —49° 34’ 25.35” or \=1.536717 
2nd order FeKa; —39° 37’ 31.0” or X=1.931135. 


The wave-lengths were calculated with the true grating constant d=3,02810A at 18°C. The 
average variation from the mean was approximately 0.1” in each case. Thus the probable error 
is meaningless as no graduated circle can probably be relied upon to better than 0.1” or 0.2”. 
The diffraction angles for the lower orders of these lines were also measured and the index of 
refraction of these wave-lengths in the calcite crystal was calculated. The results agreed to 
within experimental error with the theoretical values. 


59. The theory of complex spectra—Part II. Itensities. M. H. Jounson, Jr., Harvard 
University —Intensity formulas for any electronic configuration possessing a definite coupling 
arrangement of angular momentum vectors, are first considered. We start with the angular 
momentum vectors uncoupled and then coupled them together in a prescribed order. The elec- 
tric moment of the jumping electron is determined at every step of the coupling process in 
exactly the same manner as the individual angular momentum vectors in the previous paper 
(See abstract number 32). Thus the required intensities are found. Just as before, the process 
yields incorrect results if the jumping electron belongs to a group of more than two equivalent 
electrons. The method applied to two electrons in LS coupling yields Kronig’s formulas. Ana- 
logous formulas are obtained for two electrons in jj coupling. The intensities in intermediate 
coupling can be determined if the whole energy matrix is known for any definite coupling scheme 
having a resultant total angular momentum, J. By the above process the intensities can be 
found for this coupling. From the energy matrix the transformation into intermediate coupling 
is obtained. The application of this transformation to the intensities, yields the intensities in 
intermediate coupling. 


€0. Some problems of theoretic physics connected with cell physiology. N. RASHEVsky, 
Westinghouse Elec. & Mfg. Co., East Pittsburgh.—A general mathematical treatment of the dif- 
fusion of food substances into a heterogeneous cell, connected with their transformation within 
the latter, is given. The possibility is shown of calculating the corresponding diffusion and per- 
meability constants from observations on the rates of metabolism of the food substance in ques- 
tion. 


61. Mixed crystals in statistical mechanics. T. E. SreERNE, National Research Fellow, 
Harvard University and the Massachusetts Institute of Technology. Introduced by E. C. Kemble.— 
We may consider the complete set of linearly independent wave functions capable of repre- 
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senting an assembly made up of the gaseous and crystalline phases of a number of substances. 
Restricting ourselves for simplicity to the case of an assembly containing only two substances, 
we know that if the particles (atoms or molecules) of the two varieties in the crystalline phases 
are sufficiently similar, then the total vapor pressure is equal very nearly to p=)_12D,?, if the 
particles can mix in all fashions in the crystalline phase. Here D, and D2 are the gram molecular 
fractions of the two substances, and p; and pf» are the vapor pressures of pure crystals of the 
separate substances at the temperature in question. If the two varieties can not mix at all in the 
crystalline phase, then the vapor pressure p=)_12),. In the intermediate cases where mixing 
is possible to intermediate extents, it is easy to show by the methods of Statistical Quantum 
Mechanics that 
p = Pr [a,D, (a,D, +aD2) |= + p» la2D», (a,D, +a2D>) |” 


where a and a are two constants which may be called the “mixing coefficients” of the particles 
of the two varieties, and which specify the extent to which mixing may occur. 


62. A new low noise vacuum tube. G. F. Metcar ano T. M. Dickinson, Vacuum Tube 
Engineering Dept. General Electric Co. Schenectady, N. Y.—\When commercial vacuum tubes 
are used to amplify small low frequency voltages it is found that random disturbances of the 
order of 100 to 1000 microvolts are present in the anode circuit. These disturbances exist almost 
entirely in the range below 100 cycles per second, and therefore fix the minimum voltage which 
can be measured over this low frequency band to 10 to 100 microvolts. These disturbances are 
shown to be caused by any or all of the following: (1) Insulating material in or near electron 
path. (2) Irregularity of filament emission. (3) Gas. (4) Positive ions emitted by filament. (5) 
Insulating or foreign deposits on grid wires. A tube has been developed in which the above 
effects are removed or reduced to a point where the disturbances are nearly that of the shot- 
effect of the electrons, as limited by space-charge. This allows the amplification of low fre- 
quency voltages of less than 1 microvolt over the entire frequency band below 100 cycles. 


63. The “Inner Force” of Lorentz and the statistical calculation of the dielectric constant 
and magnetic permeability. Orro HALPERN, New York University.—The dielectric constant and 
magnetic permeability of an ideal dilute gas may be determined by calculating the average 
moment of each atom acted upon by the external field only and by summing over all individual 
atoms. Considering matter of higher density the introduction of Lorentz’ inner force was sup- 
posed to account fully for the modifications caused by atomic interaction. (Conf. Lorentz’ der- 
ivation of the Clausius-Mosotti equation.) The present report tends to show that this pro- 
cedure is fundamentally unsound because the method of determining the average moment by 
the use of Lorentz’ inner force is in discordance with the principles of statistics. Therefore, it 
can not be expected that the Clausius-Mosotti and similar relations will generally hold; it will 
also be necessary to revise some well known equations for thermal and elastic effects ac- 
companying both magnetization and electrization. 


64. A new method of measuring x-ray intensities employing an electronic photo-cell 
Pac R. GLEAson, Colgate University.—An investigation of the sensitivity of Weston Photronic 
cells to x-rays has been carried out. By suitably shielding the cell and lead wires from electro- 
static disturbances the Photronic cell was found to respond in the x-ray region. Absorption 
measurements indicated sensitivity to all the wave-lengths emitted by a 30 m.a. radiator type, 
Coolidge tube with tungsten target operated by a 70,000 volt, 2 k.v.a transformer. With atypical 
cell when the x-ray tube was operating at capacity separated by a distance of 44 cm a current 
of 1.5 10-* amp. was obtained when only a sheet of black paper was in the path of the beam, a 
current of 1.010~-* amp. when the usual glass window was in position and a current of 0.09 
< 10-® amp. when in addition a sheet of commercial copper 0.47 mm was interposed. Applica- 
tion to lecture demonstrations of simple x-ray phenomena, and application to “dosage meter” 
are apparent. 
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